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SUMMARY
This thesis describes an investigation into the use of small 
pressure-difference devices for flow measurement at the low flow rates 
encountered in process pilot plantse To the best of the author*s 
knowledge, it is the first major study of devices of such a small physical- 
size (less than 1 mm diameter) and has been made possible by the use of 
specially shaped synthetic rubies and sapphires as the primary elements.
The work includes a review of previous experimental investigations 
and a theoretical study of the factors which affect the discharge coefficient 
of an orifice or nozzle« After an initial anemometric study of the effect 
of installation conditions on upstream velocity profile and the onset of 
turbulence, the discharge characteristics of four different orifice and 
nozzle designs are examined. One of these, consisting of an upstream 
bevel section, followed by a short parallel portion, is selected for further 
study.
Firstly, an examination of the effects of entrance length, of 
type and size of pressure tappings and of diameter ratio on the discharge 
characteristics of this design is made. The possibility of a scale effect 
is also investigated.
Secondly, the geometry of the device itself is studied. Results 
with jewels of the slightly different bevel angles and parallel portion 
lengths occurring within a batch of nominally identical jewels are obtained. 
These are used to formulate a multiple linear regression equation relating 
jewel dimensions to discharge coefficient, and the results suggest that the 
use of any jewel from a batch without prior calibration will result in an 
accuracy acceptable for most pilot plant applications.
STATEMENT
The work submitted in this thesis has.been carried out entirely 
by the candidate at the BP Research Centre, Smbury-on~Thames, and has 
been under the supervision of Professor J.M. Zarek, Ph.D., Head of the 
Department of Mechanical Engineering, Surrey University.
Director of Studies
CERTIFICATE
I hereby certify that this work has not already been accepted 
for any degree and is not being concurrently submitted for any degree.
ACKNOVJLEDGHraTS
I wish to express my gratitude to Professor J.M. Zarek,
Head of the Department of Mechanical Engineering, for his guidance 
and help throughout the work, and also to Dr E.V.A. Engel, formerly 
Research Consultant to the Department, whose advice and comments have 
been of the greatest value.
Dr J.C. McVeigh, Head of the Department of Mechanical Engineering, 
Woolwich Polytechnic, was kind enough to perform the experimental runs 
with the two large scale orifices, and his interest in the work has been 
greatly appreciated.
My thanks are also due to the Directors of The British Petroleum 
Company for permission to publish the work, and to the Report Distribution 
Section of the BP Research Centre for the preparation of this thesis in 
its final form.
CONTENTS
Page
List of Symbols 7
Index to diagrams and figures 8
Index to tabulated data 10
Chapter 1 - Introduction 11
Chapter 2 - Review of previous work and justification of the 16
present investigation
Chapter 5 - Theoretical considerations 55
Chapter 4 - The experimental apparatus and primary devices 53
Chapter 5 - Velocity profile influences 70
Chapter 6 - Initial discharge coefficient investigations of 79
four designs of orifice and nozzle
Chapter 7 - Tie single-bevel orifice - further investigation 96
of design features
Chapter 8 - Conclusions of the work and its application to -133
pilot plant flow measurement
References 140
Appendix I - Calibration of the apparatus 144
Appendix II - Experimental results (Index at start of Appendix) 148
Appendix III - Expansibility effects 209
Appendix IV - Estimation of errors 215
Appendix V - Description of the computer program used to 222
calculate and tabulate the results
Appendix VI - Flow measurement by means of capillary tubes 226
6,
LIST OP SYMBOLS
A = area
C = contraction coefficientc
C = discharge coefficient
= velocity coefficient 
d = ' orifice diameter
D = pipe diameter
e = height of roughness elements
g = gravitational acceleration
K = constant
£ = length
m ss area ratio, (~ )2
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CHAPTER 1 
Introduction
. Perhaps the earliest existing reference to the measurement of
flow is due to Sextus Frontius, a-Roman, who, in AD97 prepared a manuscript
entitled *de Aquis*. This work described the accomplishments of the
Romans in water supply construction and regulation and was translated into
*&*
English by Clemens Herschel in 1899 (1) « However,, the idea of using a 
specific flow disturbing device to give an indication of flow rate is almost 
certainly attributable to Giovanni Venturi.
In 1797* he noticed that in passing through a converging pipe, 
fluids gain speed and lose head; the reverse being true in the case of a 
diverging pipe.
Venturi * s findings were first applied to the measurement of flow 
towards the end of the nineteenth century, when the first ’Venturi meter1 
was produced in America. However, it is only in the last few decades that 
the systematic commercial development of the orifice and nozzle for the
measurement of single phase fluid flow has taken place.
If the energy change to which Venturi referred was completely 
efficient, or if the degree of inefficiency did not vary with flow rate, 
the calibration of orifices and nozzles and the rigid specifications for 
their construction would be unnecessary. However, this is not the case.
When a flowing fluid passes through a constriction, the potential energy 
lost is not completely converted to kinetic energy. As will be shown later, 
it is possible to calculate theoretically the flow of a given fluid through 
any particular constriction from a measurement of the differential pressure 
which is developed across this constriction as a result of the flow.
A list of references is given at the end of this thesis.
Because of the inefficiency of the energy change, it is always 
found that the actual, flow rate is less than that indicated by calculation. 
The ratio of actual to theoretical flow is known as the ’discharge 
coefficient’ of the constriction, and can therefore be regarded as a 
measure of this inefficiency* It follows that if any particular flow- 
disturbing element is to be used, it is essential to know the value of this 
coefficient in order to calculate the rate of flow. A wealth of experimental 
work aimed at determining the values of discharge coefficient of various 
types of orifices and nozzles has been performed, and this has resulted in 
the production of the various national ’standards’ on flow measurement, 
covering the use of such devices as the sharp edged orifice plate and the 
Venturi nozzle and tube.
• Since it has been shown that a number of factors affect the value 
of the discharge coefficient, most of the ’standards’ quote basic 
coefficients for particular devices and give correction factors which are 
applied to predict the performance of each device over a wide range of 
operating conditions.
Perhaps the most useful concept associated with fluid flow, and 
one without which the task of the standardizing bodies would be well nigh 
impossible, is that of the ’Reynolds Number*. The introduction of this 
parameter is due to Osborne Reynolds (2), who, in l88j5 noticed similarities 
between the flow of fluids in pipes of different sizes. Using water flow 
in glass tubes, Reynolds noticed that two distinct types of flow existed.
When the flow rate was low, small amounts of dye introduced into the tube 
moved undisturbed parallel to the tube’s axis. As the flow was increased, 
there came a sharp transition: the dye stream no longer remained well defined, 
but began to move non-axially in a random manner. Finally, at high flow 
rates, dye injected at the centre of the tube mixed with the water to give
an overall colouration. Reynolds’ observations showed that the flow
velocity at which the transition took place was directly proportional
to the kinematic viscosity of the water, and inversely proportional to the
diameter of the tube.
Thirty-two years later, Lord Rayleigh (p) crystallized these
findings into a general criterion for the flow of fluids in pipes. He
ctVstated that at any constant value of the ’Reynolds number’, the flow
of fluids would be similar, provided that geometric similarity between the 
surfaces bounding the flow was maintained. At rates below the critical 
value, where flow streams are parallel to the tube axis, the flow was said 
to be streamline, or as is now more common, laminar. Above the critical 
value, the flow was termed turbulent. In physical terms, the Reynolds
number can be regarded as the ratio of the oncoming fluid momentum per unit
—  2 viVarea per unit time, , to the viscous drag per unit area ~p> against
which it is balanced. It is a dimensionless quantity, and determines the 
flow7 pattern or distribution of velocities which exists when a fluid passes 
a solid body. Reynolds number may therefore be used as a criterion for 
the comparison of the flow of dissimilar fluids in pipes and constrictions 
of any size.
Whilst the various international ’standards’ on fluid flow
measurement cover the flow rates normally associated with large scale
commercial operations, only a small amount of work has been done on the use
of pressure difference devices in pipes smaller than 2 inch (50 mm) diameter
4or in any sized pipe where Reynolds numbers are less than about 10 . In a 
large proportion of small scale pilot plants and experimental test rigs, 
especially those used by the chemical and petroleum industries in this 
country, it is not unusual for the pipework to be smaller than 2 inch 
diameter. Also, the flow rates generally used in such processes are
4characterized by Reynolds numbers much less than 10 * and sometimes below 
that generally associated with the onset of turbulence (Re very approximately 
2000)6
As has been said previously* one must know the discharge 
characteristics of any device in order that it may be used to measure flow. 
Whilst it is not essential that the device should exhibit an invariant 
discharge coefficient over the whole range of its use* this is clearly an 
advantage since it does away with the need for successive approximations 
in the flow rate calculation. If the devices used for large scale 
applications are .scaled down geometrically for use in small plants* it is 
found that their discharge characteristics are not ’flat*, and also that 
the actual values of coefficient are not always reproducible. It is thus 
necessary to develop new devices for use under small-scale conditions* and 
several of the attempts to do this are discussed in the next chapter.
At the Sunbury Research Centre of the British Petroleum Company 
Limited* chemical and petrochemical pilot plants are usually built in pipes 
of less than -J inch nominal bore* and flow rates are normally characterized 
by pipe Reynolds numbers less than 5000. Most of these plants operate at 
pressures significantly higher than atmospheric, and the differential 
pressure produced by any flow metering device is measured using a mechanical 
amplifier, such as the Foxboro* d/p cell, which is capable of withstanding 
these static pressures. In order to generate differential pressures large 
enough to be measured by such instruments* it is necessary to use extremely 
small primary devices. As will be shown later, the use of conventional 
all-metal orifices of nozzles of these sizes (less than 0.040 inch, or 1 mm, 
in diameter) without individual prior calibration Is rendered well-nigh 
impossible by problems of reproducibility.
.The present work has therefore been performed with primary 
devices made from jewel stones mounted in metal plates. These jewels* 
which are synthetic rubies and sapphires* are made from an oxide of aluminium, 
Al^O^* known in the watch and bearing industries as Corundum1. They are 
extremely hard, and can be ground to any required design with high accuracy.
This thesis describes a study of the use of small jewelled
orifices and nozzles for low Reynolds number flow measurement* and examines
the various factors* such as jewel design* installation conditions* and
prevailing flow regimes which affect their performance. To the best of.the
author*s knowledge* it is the first major systematic study of devices of
this extremely small physical size* and has resulted in the formulation of
a linear regression equation relating, for one particular type of jewel
profile, discharge coefficient to jewel design parameters. In addition* a
semi-empirical equation relating the shape of the turbulent velocity
distribution (including boundary layer effects) directly to Reynolds number
has been established for the Reynolds number range from the onset of
5
turbulence to Re ^ 10 .
CHAPTER 2
Review. Of Previous Work And Justification Of The Present Investigation 
In 1929j Johansen (4) performed visual and quantitative 
experiments, the latter'with orifice plates of different sizes mounted in 
pipes of O .782 and 3*194 cm diameter. The results of his visual 
investigations, for which he used the dye injection techniques introduced 
by Reynolds, are shown in Figure 1. As can be seen from this series of 
diagrams, the flow pattern in the region downstream of the orifice becomes 
increasingly disturbed as Reynolds number rises. At all Reynolds numbers 
above 250 (approximately) the convergence of the streamlines through the 
orifice is continued on the downstream side, resulting in the formation of 
a minimum flow cross-section occurring downstream of the orifice. This 
minimum cross-section is known as the ’vena contracta’, and its existence 
controls the discharge characteristics of all thin-plate orifices. The 
position of the ’vena contracta’ in relation to the orifice plate varies 
with Reynolds number and also with the ratio of orifice-to-pipe diameter 
(the ’diameter ratio’)* Engel (5 ), correlating the work of several 
investigators, has shorn that it is generally formed between 0 .3 and 1 .3 pipe 
diameters downstream of the orifice.
Johansen’s quantitative experiments were made with a 3*194 cm 
diameter smooth dram brass pipe with straight lengths of 46 and 23 diameters 
up and downstream, of the orifice respectively. Four sharp-edged orifices* 
all of which were bevelled on the downstream side were tested in an assembly 
fitted with corner pressure tappings. The results obtained with these plates, 
which covered the diameter ratio range 0.209 < yS < 0.794, are shorn in 
Figure 2. As can be seen from this Figure, the variation of with Reynolds 
number followed the same general trend in all four cases, the value of
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rising through a hump then falling to a stable value as Re increased*
The magnitude of the 'hump* in the curve and the final value are both
seen to be increasing functions of diameter ratio. At very low values of
Re^ (Re^ ^ 15), Johansen (using oil flow in a O .782 'em diameter pipe) also 
'showed that was proportional to ^Re^.
Tuve and Sprenkle (6) also observed the ’hump* in the characteristics
of sharp-edged orifices, which they tested in a 5*25 cm diameter brass pipe 
with, a straight upstream length of 100 pipe diameters. Their results* 
which are correlated with those of Johansen (loc.cit.), Spitzglass (7),
Beitler (8 ), Witte (9 ), Hodgson (10) and Giese (11) are shown as Figure 5*
The reasons for this hump in the characteristics are as follows 
At very lov? Re values, the flow through the orifice is governed by pure 
viscous shear behaviour, and results in large energy losses. As the flow 
rate increases, the process becomes more efficient and rises until the 
formation of a vena contracta begins. At higher Reynolds numbers, the vena 
contracta area decreases, and thus the characteristic passes through a 
maximum and falls once more. The transition from laminar to turbulent flow 
in the approach pipe as Re increases also contributes to this drop in C^ , 
since the consequent change in the radial distribution of velocities means 
that more energy is needed to accelerate the outer flow streams through the 
orifice. Finally, with the attainment of fully turbulent conditions, the 
discharge coefficient stabilizes.
Tuve and Sprenkle comment that, in preparing their correlated 
figure, it was noticeable that the results of different investigators with 
similar sized orifices exhibited a fair spread, and attribute this to lack 
of similarity of plate manufacture. These authors consider that such 
parameters as orifice edge finish and width, bevelling, pipe diameter and
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roughness all affect C^ , and suggest that rigorous standardization of design 
is necessary* Nevertheless, they make the statement:-
"Orifices of diameter ratios up to 50 per cent are satisfactory for 
viscous, critical, and turbulent flow measurement of homogenous liquids, 
provided that the Reynolds number expressing the flow conditions is not 
less than 100".
Although, as has already been said, it is not essential that an 
orifice or nozzle has an invariant discharge characteristic over the range 
of its operation, this is clearly an advantage. Even at low values of 
diameter ratio, Tuve and Sprenkle*s correlated results show far from invariant 
characteristics, and indicate, albeit tacitly, that a search for more suitable 
low Reynolds number devices should be made.
Very shortly after the work of Tuve and Sprenkle, and as if as a
result of their findings, Dali made a long and searching investigation of the
suitability of a conical entrance orifice design for use at low Reynolds
numbers. This work was performed under the auspices of a commercial company
(George Kent Limited), and until very recently it has been impossible to
obtain more details than were provided for inclusion in the British Standard
(1964) code for flow measurement (12). Figure 4 shows the specification as
given in this Standard, which covers the use of this type of plate at area 
d 2ratios m, (m = (~) ), of less than 0.1 and orifice Reynolds numbers in the 
range 250<Re^<200 000. As can be seen, the device consists of an upstream- 
facing conical section followed by a short cylindrical throat..
At the present time (Winter 1970 - 1971) an ad hoc panel of 
British Standards Sub-Committee INE/5/1 - Flow Measurement (Drafting),on 
which the writer serves5is preparing a specification for the conical entrance 
orifice plate for submission to the International Standards Organization.
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This draft takes into account new information on the Dali plate recently
released by George Kent Limited, and covers the use of this device in
pipes down to ■§• inch (13 mm) in diameter and at area ratios between 0.01
and 0.25. In order to use the device under these new, more flexible,
conditions, changes in the design have been made. Dali’s work showed that
in order to optimise the Re^ range over which the device exhibits an
invariant value, it is necessary to regard the bevel angle and axial
thickness of the bevel section as varying functions of diameter ratio
Figure 5 shows the value of for this device as a function of p  , and
also shows the bevel angle,0 , and the ratio of orifice diameter to bevel
thickness, d/t, which a plate of any particular diameter ratio must possess
in order to exhibit these values of C^. At a first glance, it is difficult
to see any pattern in these design data. However,. one interesting point
does emerge. For values of y§ up to approximately 0.54, the slant length
of the bevel section (t sec%) varies linearly with B  . For any one pipe
(
diameter, therefore, this length is directly proportional to orifice 
diameter. The straight line relation is such a good fit to the Kent design 
data that one wonders if this could be an underlying principle of design; 
the slant length perhaps providing a ’frictional resistance’ proportional 
to the orifice diameter. Figure 6 shows the discharge characteristics of 
a number of plates designed to the specification. These were obtained by 
Dali, whose experimental rig employed an upstream straight length of 
56 diameters of 2 inch i.d. pipe.
In 1966, a review paper wTas published by Kastner and McVeigh (13)« 
In addition to providing an admirable literature survey of low Reynolds 
number investigations, it includes the results of tests on a large number of 
different orifice profiles which were performed in a 2 inch diameter smooth
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bore brass tube with straight lengths of 48 and 22 diameters up and 
downstream respectively* and for which corner tappings to British Standard 
Specifications were•employed. Amongst the designs tested were eight plates 
of different diameters* all approximating to the 1964 British Standard 
design (Figure 4). The authors state that it was found difficult to satisfy 
the recommended dimensional tolerances* and, in fact none of their plates 
were within the specification. However* all the plates, which were 
characterized by diameter ratios between 0e06j5 and 0.jX)4, exhibited invariant 
coefficients over the greater part of the Reynolds number range of the tests.
A tendency for the value of to decrease at low Reynolds numbers was 
noticed with, four of the eight plates and this, coupled with the rather limited 
Re range over which the other four were tested, has prompted the authors to 
say:- 11 It is not considered that supporting evidence is provided for the 
claim that the plates are suitable for orifice Reynolds numbers as low as 
250".
Kastner and McVeigh also tested plates of the type used by 
Johansen (loc.cit.). They found that when the direction of flow was reversed, 
(ie when the bevel faced upstream) there was a substantial improvement in 
the lower Re^ limit for coefficient constancy.
In order to study the effects of thickness and bevel angle, a 
series of seven plates of this design were tested by these authors. All the 
plates possessed flat characteristics down to pipe Reynolds numbers of 
approximately 200 or below (Re^^ 10 ), and it was found that was an 
increasing function of plate thickness.
One of the disadvantages of a sharp-edged orifice is that the 
edge is liable to wear and lose its sharpness. t Also, it can be very 
difficult to measure the exact diameter of such a device. Both of these
problems may be overcome if a short parallel section is incorporated in 
the design* In reply to comments on their paper, Kastner and McVeigh say:-
"..... experiments with a K type plate (reversed Johansen design) modified
to include a short parallel portion on the same lines but shorter than that 
included in the G type (Dali design) showed no significant alteration in the 
discharge coefficient. The precise dimensions of this parallel portion were 
not found to be very important, in contradistinction to the very precise 
measurements required for the G type plates".
It thus appears that the rigorous specification of the Dali plate, 
as given in the British Standard (loc.cit.) may not be necessary - at least 
as far as the thickness of the parallel section is concerned. This view is 
to some extent confirmed by the additional information on the Dali design 
which has recently been released, where the thickness of the parallel section 
is held constant at 0„02d irrespective of diameter ratio.
In order to assess the effects of thickness on discharge coefficient 
for plates of the reversed Johansen (K) type, Kastner and McVeigh had to 
correct their results for differences in bevel angle. This correction was 
made by interpolation and extrapolation of the *trend* of experimental results 
from plates of different thicknesses, and therefore cannot be regarded as 
absolute. Whilst it is appreciated that the Kastner and McVeigh work was ■ 
not intended as a rigorous investigation into all the factors which control 
low Reynolds number orifice performance, it must be agreed that any thorough 
study of a device incorporating a bevel section must include the effects of 
bevel angle.
Existing experimental information in this subject is extremely 
scarce. In 1948, Collacott (14) performed investigations into the effects 
of bevel angle and depth of thin plate orifices and nozzles. It is very
difficult to analyse his results, since no details of the apparatus used 
or the Reynolds number range covered by the tests are given. However, it 
appears that for devices with a relatively thin parallel portion, decreases 
as bevel angle increases up to about 50°, above which value the performance 
is dependant upon the thickness-to-diameter ratio (t/d) of the plate.
Collacott also shows sketches of the possible flow pattern for orifices and 
nozzles of different bevel depths, and suggests the possibility of double 
contraction occurring in such devices. In addition, the author states that, 
for his devices:- "depth of chamfer has no apparent effect on discharge 
coefficient". This statement must be treated with caution, however, because 
of the small amount of detail given, and it cannot be taken to apply 
generally. It is also in conflict with the findings of Spikes and Pennington, 
which are discussed later. As regards bevel angle, Collacott*s work is 
nevertheless in accordance with the results of Zucrow (15)* who showed that 
Cp is at a maximum with bevel angles in the range 10-50°.
Work on the variation of contraction coefficient, Cq (defined as 
the ratio of vena contracta to orifice area) with bevel angle has also been 
performed by Hahnemann (16). Whilst this work was performed with the so- 
called Borda mouthpiece, which consists of a tube projecting into a large 
container from which the discharge is initiated, the author says:- "....the
values........for the entire 0 (bevel angle) range can be used both for
planar and for rotationally symmetrical cases (and to a good approximation 
for any cross section in which the corners are not too sharp). The curve.....
for the area contraction as a function of the producing angle can therefore 
be regarded as universal". Hahnemann*s curve is shown as Figure 7, and is 
in at least qualitative agreement with the other previously mentioned 
results.
0
O
v£>
 uI
CD
1^- p*|~
0) N  
= T T T
o
C^T o
CO
o
O'*
Q
00
o o o
u
o
2 9.
[},• 7H
BE
VE
L 
A
N
G
L
E
,
The investigations so far discussed have been concerned with 
measurement of low Reynolds number flows in pipes generally of at least 
2 inches in diameter, A limited amount of work with smaller installations 
has been performed, and the remainder of this chapter is devoted to these 
studies,
Grace and Lapple (17) tested two nominally identical inch
(0,79 mm) diameter orifices of the sharp-edged Johansen* pattern, and
found that the mean value of fell from 0.68 to 0.62 as the Reynolds
2 4number was increased from 10 to 10 , Moreover, these authors reported
a scatter of as much as 50 per cent in experimental results for their plates.
Although this work was done with pressure tappings one pipe diameter up and
0,5 diameters downstream of the orifice (so-called ‘Radius tappings1) as
opposed to the comer tappings shown, for example, in Figure 4, the trend
and spread of the results tends to confirm that the design is not suitable
for use under these conditions.
Linden and Othmer (18) extended their tests down to plates of
0.064 inch (1.65 mm) diameter, again using Radius taps, but their results
were consistent neither with themselves nor with those of Grace and Lapple,
Part of this discrepancy may, however, have been due to the very short
(2£ pipe diameters) entrance length used by these workers.
Bonnington (19) reports on some tests made with cylindrical
nozzles with diameters between 0,05 inch and 0.064 inch and t/d ratios of
approximately 5« The C^ - values of these devices were observed to rise by
2 5(typically) some 55 per cent as Reynolds number increased from 10 to 10 .
Again, virtually no information as to installation conditions is given, so
it is impossible to comment on these results in .any detail.
Northup (20) tested some small cylindrical nozzles of various 
t/d ratios, but was mainly interested in their critical flow properties.
In addition, his tests were carried out under rather specialized conditions, 
and are probably not strictly comparable with other investigations. However, 
he does report invariant discharge coefficients over small sub-critical 
flow ranges, but warns against hysteresis effects at high t/d ratios which 
he attributes to jet breakaway and reattachment within the nozzle.
Jones and Lutherer (21), also working with a cylindrical nozzle 
of 0.05 inch (0 .75 mm) diameter, report an approximately linear relation 
between and log ( "the range 5 <He^< lO'V but their tests show
discontinuities in when the flowing fluids (oils of different viscosities) 
were changed.
Spikes and Pennington (22), although interesting themselves mainly 
in the effects of 'cavitation, give discharge coefficients exhibited by 
cylindrical orifices of 0.062 inch (1 .6 mm) diameter which are approximately 
constant for 8000 < Re^ < 52 000. These workers also tested orifices'with
chamfered inlets, and found that rose as chamfer angle increased from
® o o
0 to 25 • Further, they show that, with a chamfer angle of 25 , increases
with chamfer depth. This result contradicts the work of Collacott (loc.cit.) 
but it is not known whether cavitation plays a major part in these findings.
This, then, is a review of the work on various orifice profiles 
which has been performed, not always with the intention of developing a 
device with a constant coefficient of discharge over a wide range of low 
Reynolds numbers, over the last half century.
As has been shorn, the work may be regarded as falling into two 
main groups. If relatively large primary devices ( > i inch diameter) are 
employed, the problem of low.Reynolds number flow measurement becomes one
not only of developing a device with a constant discharge coefficient over 
the range of interest, but also of measuring the small differential 
pressures which normally result from such applications• Various types of 
inclined and micro-manometers which will measure differentials down 
to approximately 0.001 in w.g. do exist, but they are hardly suitable for 
everyday industrial usage. If on the other hand, much smaller devices are 
used, differential pressures become greater and can generally be measured by 
conventional manometers and differential pressure cells. However, the use 
of small devices does introduce one major problem. It has already been stated 
that the performance of an orifice or nozzle can be drastically affected by 
small changes in geometric shape. If any device is to be ’standardized1 for 
use - even if only within one particular Company or organization - it must 
be possible to make and reproduce the device sufficiently accurately for 
individual calibration to be unnecessary. The smaller the size of the device, 
the more difficult this becomes. However, if a method of reproducible 
manufacture of small primary devices could be found, there seems no reason 
why an attempt at standardization should not be made.
The following chapters of this thesis describe just such an 
attempt. Using synthetic jewels as the primary devices, an initial 
investigation of discharge characteristics of various orifice and nozzle 
designs has been made. One particular design has then been selected for 
further study, and its performance has been assessed in the light of physical 
size, installation conditions, flow regime, and reproducibility of discharge 
coefficient.
CHAPTER 3
Theoretical Considerations
In the first part of this chapter, the generalized flow equation
is derived, and the concept of discharge coefficient is examined in the
light of contraction, velocity profile and energy loss terms. The second
part deals with an attempt to produce a semi-empirical equation relating
velocity coefficient to Reynolds number in the range from transition to 
5Re £ 10 , which is shown to require a modification of the Blasius smooth 
pipe pressure drop equation.
Part 1 - The flow equation and the meaning of discharge coefficient.
As yet, there is no completely rigorous solution to the problem 
of fluid flow? through a constriction. Only in a very few cases is it 
possible to produce, from purely theoretical considerations, an equation 
relating flow rate to pressure drop which is of sufficient accuracy to be 
used for engineering applications.
However, it is comparatively easy to derive a general expression 
to which empirical correction factors may be applied in order to predict 
the performance of any particular flow-constricting device.
Development of the flow equation
Bernoulli, using the concept of ’'stream tubes” in a flowing fluid, 
stated that there would be no energy change across the walls between these 
tubes, and thus that the total energy at different points along any particular 
tube would remain constant. Assuming horizontal flow, and thus neglecting 
any gain or loss of head, we may express this concept by equation (1 ):-
2g + f = const' (1 )
(the meanings of all symbols are given after the list of contents at the 
start of this thesis)
Figure 8. Symbol definition sketch
Considering the case of flow through a constriction in a 
horizontal pipe, this may be written:-
2g
+ P1 = V22 + P2 trt U sp. vfr.) (la)
e 2g e
the subscripts referring to the positions shown in Figure 8 .
—  2 —  2 
V - V P -Thus, _2______\1_ = 3 ______2
2g P
and (V22 - Vx2) = ^  (Pl - p2 ) (2)
Now, for continuity, = ^2^2
V, = A2V2 = d%
1 V
(v22 - (§)4 v22) = f  (Pl - p2)
. — 2 2n 2g / VV2 (1 - m ) = (P1 - P2)
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- 2  2gAp
2 2 .p(1-m )
Q " A2V2 = A2 / , f ^ 7  ^(^1-m )
This equation does not, however, take into aceo\mt the contraction which
occurs downstream of an orifice. A better approximation is that Q =
where A^ is the area of the vena contracta.
5
Thus, A ^  = A5V2
• v  _ t i l  _  b  *1 y  
* * 1 " A1 . “ A2 * A1 2
A5If we define the contraction coefficient, C , by C = 7^  , we havec c Ag
that = C mVg (4)
Substituting for in equation (2) gives:-
V 2 (1 - Cc2m2) = 2"A p
z
•  •
2 1 ^(1-Cc2m2)
and thus- Q. = A V - C A / — ^ A ? i  ■ (5)
5 V  t(1‘Co ra }
So far, no account has been taken of frictional losses. In 
reality, because of these, the pressure in the throat of the constriction 
is less than theory predicts.
A velocity coefficient- C , is therefore introduced to allow
v
for this effect,
C is defined by C v v
V
A
V
2TT rVdr 0 A
V
Equation (5) thus becomes
Q - C C A  v c 2
2g Ap
C(1A 2 2\-C m ) c
(6)
Comparing equations (3) and (6 ), we see that the discharge 
coefficient C^ , which as has been said, provides a measure of the 
inefficiency of the energy conversion as the fluid flows through the 
contraction, may be written:-
c. = cc
D v c
1-m
2 2 1-C m c
(7)
Thus, the theoretical expression for incompressible flow through 
a constriction of diameter d is
Q = C.D
17 d
4
2g&p (8)
1-m
In the case of compressible flow, a further correction factor is needed. 
This is derived in Appendix III.
Following the initial hypothesis of Coriolis and de Saint-Venant, 
Zanker (23) has suggested that a better physical representation is obtained 
if equation (la) is replaced by
,  ^  2 
*1V1 . P1
2g + ^
• C<2V2 P2  + “T"' + A  E
2g
(the subscript 2 here refers to vena contracta conditions)
where (X is a "kinetic energy coefficient” defined by
(X7TR v2” . ^
.R
2g
2 -rr rV. —  dr;
v;here A E  represents any energy loss which may occur5 between the
measuring points, and may conveniently be expressed
— 2KVby AE = 2
2g
If the previously stated argument is again applied, the result
is that
Q = C IT d
2gAp
2 (8a)( « 2-«1c0K + k)
By comparison with equation (8 ), we therefore have
CD = C<
l~m
o'- CKnC 2m24K2 1 c
(7a)
Equations (7) and (7a) thus represent two methods of analysing 
the discharge coefficient• If one could evaluate the terms in these 
equations from a purely theoretical standpoint, the empirical determination
of could be avoided. This possibility is now investigated in the
light of each of the terms involved.
The contraction coefficient,
As shown in equation ( 4 ) is the ratio of vena contracta
area to orifice area. Several analytical attempts have been made to
evaluate this coefficient, notably by Kirchoff (24-) and Trefftz (25).
The former calculated C by stuping the shape of the free streamlinesc
bounding the jet emerging from a slot in an infinite plane boundary.
Assuming that the velocity of these outer streamlines was constant, Kirchoff
trfound that = ip+2 (s=0*6ll). Trefftz studied the case of axial symmetry,
but ignired swirl, viscosity, friction and gravitational forces. Using a
successive approximation procedure, he found that Cc was in the range
0.6 < C < 0.62. c
Other workers, notably Weisbach (26) who, in 1855 inferred C for
pipe orifices from pressure loss measurements, have studied the problem,
but the fact remains that contraction effects for any particular constriction
geometry (apart from a very few idealized cases) cannot be predicted with
sufficient accuracy to make experimental determination unnecessary.
Velocity profiles and the velocity coefficient Cy
For the case of laminar flow in a circular pipe, it may be shown
civthat the Newton viscosity law (shear stress, *= n ^ y) leads to an 
l^"*^ 2 2 2expression V = (R ~r )* where V is the velocity of a streamline at a
distance r from the centre of a pipe of radius R. It is thus seen that the
distribution of velocities in the pipe (the so-called Velocity profile*)
has the shape of a paraboloid of revolution, and, in general, one may 
A
write V « V (1 - ~  ). (9)
R
^8
As the flow velocity is increased, the laminar regime gives way
to turbulence and the velocity profile becomes flatter. From a study of
5a number of measurements of pressure drop at Reynolds numbers up to 10 , 
Blasius (27) produced the following expression for pressure drop in 
smooth pipes:-
pl~p2 _ 0.X75 . pV2 (10)
I = y m  ^
0 1T3 "\where the term is the so-called friction factor, A  • (It must
ySe
be noted that this author defines Re in terms of pipe radius rather than 
diameter).
Prandtl (28) has used this equation to derive an expression 
for the turbulent velocity distribution. Assuming that the shape of the 
profile does not change with velocity, he postulated that
v = v (|)q (11)
where y is the distance from the wall of the pipe and q is some as yet 
undefined power.
For a length of pipe t , we define shear stress, T 0 , at the
wall by
(p^PgjTT R2 = 2ttr1 t0 (12)
Thus, from (10) and (12),
T = &.Q22 • P v8 = 0.033 p v “ n ~ hv  + 
0 ^ °
If V = const. V, then from (11):-
1 1 L
(15)
V = const, V (S.)q
y
Tims, using (13)#
1. 1~ 1 T3 2- n
%Q = const. ^  VT R“* 0  *
y
JL. X R( )
const. pV 4 V* — ^ —  (14)
V y
Prandtl also assumed that the velocity distribution and therefore 
the shear stress near the pipe wall did not depend on pipe radius. This 
assumption requires that the exponent of R in equation (14) be zero, which 
in turn means that (^Q. i) - 0, giving q =^. The Prandtl equation for 
the velocity distribution for turbulent flow in smooth pipes may there:jre 
be stated as
A v *7
V = V (|) (15)
As has been said, this result is only valid at Reynolds numbers lower
5 6 than approximately 10 . At higher values, l/8th root and, above Re 3*10 a
1/lOth root laws give a better representation, since, in reality, the profile
is changing continuously with Re.
We have seen, then, that the shape of the velocity profile changes
from a paraboloid to a much flatter distribution as the flow is increased
from the fully developed laminar to the turbulent state.
The velocity coefficient, C , is defined as the ratio of mean
V • a_ fR
to maximum velocity. Applying the integration -rrR V = / 2irrVdr to
equations (9 ) and (15) gives the results that C « 0 .5 0 for laminar flow, 
and Ch = 0.817 for the l/7th power law turbulent distribution. Since
40.
equation (7) indicates that the discharge coefficient varies directly 
with C , it is reasonable to assume that the discharge characteristic of 
an orifice should show.'a marked increase at the onset of turbulence.
Whilst discontinuities in this range have been observed by Witte (29)# 
it is generally found that the increase in contraction which also occurs 
as a result of incipient turbulence tends to mask the effect, and, on 
occasions, to reduce C^. Furthermore, the change in profile is not a 
sudden one, but takes place over a range of Reynolds numbers. This effect 
is shown in Figure ^s in which the experimental results of Nikuradse (30), 
Stanton and Pannell (31) and Fage (32) for smooth pipes of different 
diameters are plotted as a function of Reynolds number. In addition, more 
recent investigations by Rotta (33) into the mechanism of transition reveals 
that over a certain range of Reynolds numbers around the critical value, 
the profile alternates in time, slugs of laminar and turbulent flow 
following each other down the pipe in a random manner. This concept of the 
intermittancy of transitional flow could also explain the discontinuities 
which Witte observed.
Moreover, the Reynolds number at which transition takes place
depends on the previous history’ of the flowing fluid: the value of
approximately 2000 often quoted in engineering text books is in reality
the lowest at which turbulence can be expected to be sustained. The work
of Leite (34) and Reshotko (35) has proved that, by taking great care to
avoid disturbances at the pipe inlet, the parabolic profile can be maintained
in smooth pipes up to Reynolds numbers in excess of 20,000. Over the
range of Reynolds numbers with which the present investigation is concerned 
, 4\(Re^ < 10 ), it would therefore be almost impossible to obtain accurate
*D
O >
u uiU i U i
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values by theoretical means alone. Analysis of the velocity profile 
is further complicated by the presence of a laminar boundary layer at 
the pipe wall. The-existence of such a layer has been shown experimentally 
(see, for example, Schiller (36)) and also follows as a consequence of the 
of the Newton viscosits?- law. In the centre of the pipe, the actual 
velocities are not constant, but vary about the temporal mean values 
predicted by the velocity profile equation. Near the wall, the magnitude 
of these variations decreases rapidly, and at the wall Newton’s equation
%  “ - ■
is true for the mean values of both T and V, If the seventh-power law
(equation (15)) held right up to the wall* It would follow that the wall
^ Vshear stress, would be infinite, since -£y>°=>as y ■-» 0, The concept of 
a thin boundary layer in which the velocity profile is taken to vary 
linearly, with distance from the wall therefore overcomes this theoretical 
objection to the seventh-power law, but obviously the thickness of such a 
layer must be known in order to calculate Cv*
The kinetic energy coefficient and energy loss terms
As has already been shorn, inclusion of the terms c< and K is 
equivalent to the use of the coefficient C^ , in that both methods are 
attempts to allow for velocity profile influences. Redding (37) has made 
a more complete analysis of the problem by including flow' curvature, 
upstream separation and pressure gradients, and suggests that a general 
treatment could cover all forms of constriction. If this were so,'
Zanker (loc.cit.) observes that in the case of a thin plate orifice, K would
be a very small correction, but would predominate in devices such as
Venturis or nozzles,
- 5Zanker, working with air flow at Re^ ^  10 , has measured
and Kg (and also, from pressure loss readings, C ) using pitot tubes, 
and has correlated these with values. Whilst this work covers only 
a'few cases (m = 0*35 and 0,53* with three different upstream profiles) 
certain conclusions can be reached. Firstly, it appears that the 
dependence of on cx^  is least at small area ratios. More important, 
however, is the fact that changes in with cx^  are due almost completely 
to changes of Ch with t* suggesting that contraction is more important 
than velocity profile per se. Whether this conclusion is valid in the case 
of a device with an upstream bevel, used at the Reynolds numbers employed 
in the present series of tests, is still open to doubt.
It has been shorn that simple theory may be used to derive an 
equation for fluid flow through a constriction in a pipe. This analysis 
does not take into account the quantitative effect of contraction and energy 
losses, and no satisfactory theoretical solution to the problem of their 
inclusion has been discovered at the present time. Although the majority 
of writers on the subject agree that the use of an empirically determined 
discharge coefficient is slightly unsatisfactory, based as It is on an 
unrealistic flow model, its undoubted usefulness provides its own justification.
Part 2 - Development of an equation relating to Cv to Reynolds number.
Having postulated that the velocity of profile over the turbulent 
Reynolds number range of the present work consists of a central core the 
velocity distribution of which follows the Prandtl seventh-power law, and
a thin boundary layer in which the velocity varies linearly .with distance 
from the wall, it is possible to derive an equation relating the velocity 
coefficient C directly to Reynolds number* If R^ is the distance from 
the pipe axis to which the boundary layer is taken to extend, we have that: 
for the central turbulent region
1 - R where 0 4 r <
and for the boundary layer
I
V = V 1 - R
R-r
r -r. where R^ r ^ R
Thus, integrating over the whole pipe bore:-
.'h2—  A
IT R V = 2 IT V r
7 A Rl‘
7
R-r1 _ .~
R dr + 21TV 1 " R J r
h
R-h
dr
is T 4* I 
X1 2
The first part of the integration, 1^ , may conveniently be performed 
using the substitution
X “ 1 - R *
Then
.1 -
TTR2? =
A
2TTV
R / o
c - R (l-x)x7 \ dx + T,
45.
.1 - R
A 2 2 u VR (xH -x*) dx + Jf
R,
_ A 2 
2TT VR 7
15
15.
X 7 -
7 § 
6 x 7
1 “ R
+ 2 R V Ri]1 - R
Urn 1
r 2rr R 5r
-1 R
6 2 (1^ ) 5Tr -^T
Ri
/\ 2 
TlVR
R 15. R §
it n ii^  7 1 n tis7 14 7
15 ~ R ” 4 ' ~ R " 15 4
A r ri ]+ 2ir v 1 -R-
’ R ?  r? ri2r + R13
2(R-R1) “ ^(R-R-jT " 2(R-R1) M R - ^ ’)'
If we define the boundary layer thickness, ^ , by £ = (R-R^) then
8
irR2v = ttr2v li (k) ^ 7 7 An- 49 15 R 7 “ t R 60 + 2TT Y (A)7
R^ R? R1 R ^  
2l “ “ 2 S 3£
2A TTR V 14 A
15 8 49
15 ^  7 “ 4 ^R 7^ + Zo + 2TTV (|)7
2a TTR V
iji (15.
lH > 7
8
¥  (R )7 + 50 + 4 )7
4 s; £
is 7
1  (i) I + £2
f R So (16)
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In the absence of a boundary layer (£>~=>0), this equation 
49 o
reduces to = 0«ol7# the expected result. In general, it can
easily be shorn that a fully developed (~~)th law profile’ gives 
2
r - 2n 
v “ C^+lTI2n+lT * .
It will be remembered that the Blasius equation for pressure drop 
in smooth pipes, which was based mainly on the experimental results of 
Saph and Schoder (38), leads to
-  0-033 pV2 f 0 ■= 3n±r-
v
VIn the boundary layer we have postulated that <f q ~ ^  "g an^ therefore
0.033 p v2 _ M i 
4,_S_ " I s
rRiT l 0
0.033 Re"“ . ^ .  V = v |  ' (17)
V nUsing the previously stated result that — = O.0I7 for the
- £ - ^Prandtl law, we may write V = 1.224 V (^ )7« Equation (17) then becomes
C — T? —
1.224 (f)7 . t = O .033 Re~h . Re (17a)
R b
_ 6 z
(|)7 '«■ Do027 Reu
r 6 3
(£)7 2  3>7Re~h
(£) ~  67 .6 Re“®
7^.
Remembering that Blasius used R rather than D in his definition of Re,
C _ .T
the final result is that — — 124 Re”8. (18)
n
Combining equations (16) and (18), we arrive at a semi-empirical 
equation for velocity coefficient as a function of Reynolds number:-
15 £
C Vo.26. (124 Re”8) 7 - 0.75 (124 Re" 8)7 + 0.817 (19)
In more general terms, this may be written
15 8
C = 0.26 (k Re-5) 1 - 0.75 (k Re"®)7 + 0.817 (19a)
The validity of this final equation depends upon two main factors. 
Firstly, it assumes that the velocity profile has attained its equilibrium, 
ie, is fully developed. The idea of an 1 entrance length1 in which a 
velocity profile slowly develops was well known at the time when Nikuradse 
(30), Stanton and Pannell (31) and Fage (32) performed their experimental 
studies. Nikuradse had conducted experiments which showed that the turbulent 
profile became established after between 25 and 40 pipe diameters, whilst 
the work of Latzko (39) had suggested a value of only 10 diameters. Since 
the entrance lengths used for all the investigations into the variation of 
Cv with Reynolds number previously described were in excess of these figures,
it is fair to compare the results of this work with equation (19a). (It
should be noted that the parabolic velocity distribution characteristic of 
laminar flow can require a longer entrance length for full development than 
does the turbulent distribution. More will be said about this point in a 
later chapter.)
The second factor affecting the validity of equation (19a) is the 
numerical constant, k. The value of this constant results directly from 
the use of the Blasius expression (equation (10)), and also from the
integration of the Prandtl seventh-power lav; which was used to obtain 
equation (17a), Since the Blasius expression was produced before the 
majority of the experimental work on C wTas performed, and because the 
integration of the Prandtl law neglected boundary layer effects, this 
constant can only be an approximation. If equation (19a) is compared with 
the previously mentioned experimental results (30, 31, 3 2), the value of 
k can be checked. In Figure 10, a dashed curve representing the *best fit* 
to the experimental data (taken from Figure 9) is compared with plots of 
equation (19a) for different values of the constant k. This graph shows 
clearly that the Blasius k value, 124 (Curve A) does not agree particularly 
well with experiment, A far better figure is 210 (Curve B), and the effect
of a further increase in k to 300 is shown in Curve C. The agreement
3 4between theory and experiment for k = 210 in the range 3*10 < He < 3*10 is, 
in fact, a good one, and thus suggests that a more accurate form of the 
equation relating boundary laj^ er thickness to Reynolds number would be
( 7
I* ^  210 Re" 8 (20)K
AAt Reynolds numbers above 3*10 , the Prandtl seventh-power law
does not hold, but gives way to eighth and higher power laws. It is thus
not surprising that theory and experiment begin to diverge at approximately 
this value.
Rewriting equation (20), using pipe radius rather than diameter 
in the definition of Re gives:-
C i
I* ^ 114 Re”8
(|)7 - 58 Re~«
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Thus, if we assume that the difference between the velocity
profiles obtained by Saph and Schoder (58) and those obtained by the later 
workers (50, 32) is in the wall region only, we see that the Blasius
equation for pressure drop in smooth pipes should be modified if it is to 
be compatible with this later work. Prom equations (17a) and (21), it can 
be seen that the value of the empirical constant in the Blasius equation 
(equation (10)) must be decreased by the factor 0*021/0.053* that is by 
some 55 pen cent.
Thus, the present analysis of velocity profile data has lead to 
the production of a modified Blasius pressure drop equation of the form:-
inaccuracy of the magnitude suggested here would, almost certainly have been 
noticed before now.
It could be argued that whilst this analysis has been made to agree
with the experimental results by alteration of the profile in the wall region, 
it is possible that it is the shape of the central core which is changing.
P1_P2 = 0.084 . pV2
I _T 2R
(22)
It should again be emphasised that this equation assumes the 
i-th power velocity distribution to hold over its entire range of applicability. 
Since the Blasius relation has been used for many years, an
However, as was stated at the start of the analysis, the object .was
solely to produce an equation which-would predict values of - not one
which would necessarily give the correct profile shape* In actual fact,
1Nikuradse (40) has suggested that a gth power law profile exists near 
He^ 3« lO5, and this would explain the fall in velocity coefficient
as the Reynolds number decreases.
Summary
In this chapter, the nature of the discharge coefficient has
been investigated, and the possibility of theoretical derivation of its
1
component parts has been studied. On the basis of the Prandtl T~th power1
7
velocity distribution and several major velocity profile studies, a semi- 
empirical equation relating velocity coefficient to Reynolds number has 
been developed.
CHAPTER 4
The Experimental Apparatus and Primary Devices 
1, The Apparatus
(a) General description of the gas flow ri^g
For the preliminary series of tests, which examined the discharge
characteristics of four different orifice and nozzle profiles, the apparatus 
was as shown in Figure 11, From a high-pressure supply cylinder, the gas 
flowed through a step-down pressure controller and fine pressure controller 
into the horizontal meter run, in which its temperature and pressure could 
be measured. The gas then passed to the ’McAfee gauge’ positive displacement 
flow meter (described later), and thence, via a fine needle valve used to
adjust the rate of .flow, to vent. All fittings and pipework were made of
stainless steel.
In order that the performance of small jewelled orifices and 
nozzles could be studied under the conditions and in the Reynolds number 
range normally encountered in pilot plant operations at BP Research Centre 
(Re^ < 5000), calculation had shown that gas flow runs at static pressures 
of up to 100 atmospheres would be needed. Obviously, conventional 
liquid-in-glass manometers were not suitable for differential pressure 
measurement at these high static pressures, and an alternative method of 
sensing the differential had to be used. The instrument chosen was the 
“Foxboro* d/p cell”, type 15HA. This may be regarded as a mechanical 
amplifier: working from a 20 psi compressed air supply, it employs a force- 
balance system to convert an input differential pressure, normally in the 
range 0-500 mm w.g., to a corresponding output of 3-15 psi. The maximum 
working pressure of the cell is 400 atmospheres,' and the ’span* may be
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varied so that inputs of up to 0-12,500 mm w.g. can be handled. The output 
from the cell was read from a mercury manometer fitted with a vernier
■j-
attachment which provided a reading accuracy of - 0.005 psi. Prior to the 
start of the main experimental study, the d/p cell was calibrated. Since it 
was suspected that the gain of the instrument might vary with static pressure 
the calibrations were carried out over a range of static pressures between 
1 and 100 atmospheres, A description of this work is given in Appendix I.
The ’McAfee gauge* flow meter originated in America in the early 
1950*s. Basically, as can be seen from Figure 12, it is a positive 
displacement meter. Normally, the bypass valve is open. When a flow rate 
determination is required, this valve is closed, diverting the flow into 
the bottom part of the gauge. The liquid (normally gas oil, which has a 
very low vapour pressure) is thus displaced and rises up into the top of the 
gauge and, in parallel, into the gauge glass. This is fitted with armoured 
windows through which the level may be seen. Perspex sheets, each bearing 
two calibration marks, were fitted at the front and back of the gauge glass 
thus avoiding parallax errors, and enabling the flow rate to be determined 
from a reading of the time taken for the liquid meniscus to rise between the 
marks. This standard design was modified for the purposes of the work 
described in this thesis by the addition of a dead leg. The dead leg is 
shaped so that it increases the rate of liquid level rise in the regions of 
the calibration marks, thus improving the accuracy of the measurement.
Timings were taken with a Venner electronic timer, reading to 0.01s. Two 
stainless steel McAfee gauges of this type we re used in the present 
investigations, and their calibration is described in Appendix I.
After the initial experimental, work described in a following 
chapter had been completed, it was found necessary to re-site the test rig,
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FIG 12
as the previous location was required for other work. Since a complete 
re-build of the rig was thus inevitable* it was decided to make several 
small modifications to the original layout, most of which had suggested 
themselves as a result of the work already performed. Photographs of the 
new test rig, which was built on a free-standing framework, are shorn as 
Figures 15 and 14, and a line diagram as Figure 15.
Since the supply cylinder was to be located outside the building 
in which the new rig was situated, and also because of the comparatively 
large pressure drop between the cylinder and the meter , run, a heat exchanger 
was installed after the step-down pressure controller. This consisted of a 
long 1 m) steel cylinder of approximately 5 cm diameter, packed from the 
inlet end to half.way along its length with stainless steel lessing rings.
A steel gauze plug separated this packing from the silica gel which filled 
the remainder of the cylinder. The whole thus acted as a combined heat 
exchanger and drier.
Experience had indicated that it was difficult to avoid changes 
in the pressure of the meter run when the flow rate was altered. It was 
thought that this was because the actual flow rate was very small, and not 
sufficient to allow the fine pressure controller to operate efficiently.
An additional line, in parallel with the meter run, was therefore introduced 
so that the flow through the pressure controller could be increased. Also, 
the original single fine pressure controller was replaced by two controllers: 
one for use with low pressure flows, the other with high pressure. Isolating 
valves permitted the use of either controller without the risk of back- 
pressuring the other.
Since the new test rig location was above a laboratory containing 
engine test beds, the rig framework was supported on four shock absorbers

xI
V
E
N
T
q:
LsJ or-1 UJ
J ho
cr CO
UJ
2
h* or o
z tij z
o or <u til .j 2
Ul >- oor or oror Q h* UJ
QT
3
<0
CO
s
or
Z
Ou
fee.
1
UJ
Q
UJ
or
UJ
o UJ
LLJ
2 LJor
3
CO
CO
UJ
UJ
UJ
3z
>-
u
a
z
5
z
<
X
o
or
3
CO
co
UJ
or
CL
UJ
cO
CO
<
o
3
<
O
a
3
o
o
>-
3
0  
a1
X
UJ LJ
O CL
LJ
LJ
o
2
a
a
3
0.
LJ
H UJ
LJ
z
U.
or
X
O
Ll.
<
u
or
LJ
X
cO CO X Lu o X 2 \r
< CQ o O UJ u. O
D
60. e-
designed to operate at the frequency of vibration produced by the engines 
below. In addition, the meter run was suspended by springs from the rig 
framework, and, as shorn in the photographs, was connected to the rest of 
the apparatus with high pressure flexible hoses. In this manner the 
vibration transmitted to the meter run was minimised.
The final modification made to the apparatus was that the 
Foxboro* d/p cell and mercury manometer were replaced by a Bopp and Heuther 
high pressure differential manometer. This instrument, which had not been 
available at the start of the work, could be used at static pressures of up 
to 100 atmospheres, and had a range of 0-1200 mm w.g. Because of their 
high pressure rating, the glass tube manometer legs were of fairly small 
bore (^5 mn) and it was found essential to clean them regularly in order 
to avoid capillarity effects. The manometer was modified for this work by 
fitting each leg with a cursor designed to overcome parallax errors j and 
small fLilliputf bulbs powered from a 12 volt accumulator illuminated the 
water menisci.
(b) Water flow apparatus
In order to extend the Reynolds number range over which promising 
designs of orifice or nozzle could be tested, water flow could be used.
The apparatus for this part of the work employed the same meter run as was 
used for gas flow, again mounted horizontally, and fed from a constant head 
device. Differential pressure was read from two open-ended vertical glass 
tubes connected to the up and downstream tapping positions which filled 
to the appropriate levels with water from the constant head device when 
flow was initiated. Readings were taken with a cathetometer, accurate to 
0.1 mm. A fine needle valve, placed at the downstream end of the meter ram
controlled the flow, and flow rate determinations were obtained by 
collecting the water and weighing it. A ■Mettler balance, accurate to 
0.05 gm, was used for the weighings.
(c) The orifice assemblies
As will be described later, two main types of pressure tappings 
were to be tested: corner tappings and *D and D* tappings. In order that 
the results obtained from the present work could more easily be compared 
with other investigations, it was decided to design orifice assemblies to 
British Standard specifications. The two types of assembly which were 
made are shown in Figure 16. Three assemblies of the corner tap design 
were made to accommodate 2 mm, 6 mm, and 12 mm nominal bore pipes so that 
the effect of diameter ratio could be studied. Only one and D* tap 
design was made, this being for 6 mm nominal bore pipe.
(d) The Thermistor Anemometer
As is discussed in the next chapter, some experimental effort 
was initially devoted to an investigation of the effect of entrance length 
and pipe roughness on velocity profile and the laminar-turbulent transition. 
For the purposes of this work, a simple thermistor anemometer probe was 
designed, and located at the centre of the test pipe in the manner, shown 
in Figure 17. The thermistor bead, an S.T.C. type 15 UD is supplied with 
0.025 mm (0.001 inch) diameter leads. These were carefully spot-welded on 
to the ends of the 0.5 r/im (0.02 inch) diameter piano wire supports which 
were sealed with 'Araldite1 into the tufnol block. These supports were bent 
forward at the ends so that the thermistor bead was effectively upstream of 
them, and less subject to flow disturbances caused by their finite cross- 
sectional area. The tufnol block was designed to fit into the side arm of 
a £ inch nominal bore ’Ermeto* Tee, which also held the approach pipe.
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FIG 17
Figure 18 shows the Wheatstone bridge circuit used to obtain 
measurements with the anemometer. Matched pairs of thermistor beads were
used, the reference bead being kept in still air near the test apparatus
to compensate for ambient temperature fluctuations. At the start of each 
experiment, the apparatus was brought up to test pressure, and, with no flow, 
the anemometer bridge was balanced using the rheostat Rq * The bridge
off-balance produced when flow was initiated was measured from the tube of
a cathode roscilloscope.
2. The Primary Devices
With the exception of a small number of tests on all-metal plates, 
the experimental work reported in this thesis was carried out with devices 
made from synthetic jewels mounted in brass !blanks’. A variety of different 
jewel profiles were examined, but all types were mounted in an identical 
manner.
Firstly, a slightly tapered hole was made at the centre of a 
blank. Using a watchmaker’s jewelling tool, the jewel was then pressed 
into the taper until it was firmly lodged. The jewel material, an oxide of 
alumina,. AlgO^, is much harder than the brass which therefore flows, 
forming an excellent seal round the jewel. Finally, the brass blank was 
skimmed back on both sides so as to be flush with the jewel faces. This 
process is shown diagrammatically in Figure 19* Since a number of the 
jewels used for the work were extremely thin (less than 0.3 mm) the blanks 
in which they were mounted were not always skimmed back flush on the 
downstream side; this extra thickness increased the rigidity of the plate 
and allowed the jeweleto be more securely mounted. Obviously, the effect 
of this change in design might be expected to affect the discharge 
characteristics and would require investigation. Such an investigation 
forms part of the study of plate design, and is described later.
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3. Jewel Inspection Technique
In order that the interior contours of the jewels used for 
this work could be inspected and measured* a non-destructive inspection 
technique had to be developed* Initially, casts of the internal profiles 
were made using an acrylic denture repair material* and then the magnified 
images of these casts were measured using a projection microscope. This 
method was not particularly accurate* and the final results were often 
invalidated by flaws and shrinkage of the casts.
Fortunately, one of the Swiss manufacturers of .synthetic jewels 
mention in their literature that, since the jewels are translucent* 
undistorted observation of the internal profiles is possible if they are 
immersed in a liquid whose refractive index is the same as that of the 
jewel material. Assuming that the slight changes in refractive index of 
the synthetic sapphires and rubies over the visible spectrum are not 
significant, figures supplied by the Swiss Laboratory of Horological Research 
indicate that methylene iodide, used in a pure state for sapphires and doped 
with sulphur for rubies, is a suitable liquid for this purpose.
A glass tank,having accurately parallel top and bottom faces, was 
made to hold the liquid* Each jewel, held in a sma.ll clamp, could be 
immersed in the tank, which was positioned in the field of view of a projection 
microscope. A sketch of this arrangement is shown in Figure 20, together 
with a photograph taken of one of the jewels when immersed. This method 
proved much quicker than taking casts, and gave very repeatable results: 
measurements taken with different methylene iodine charges using the same 
jewel showed that, for example, a bevel angle could be safely quoted to the 
nearest degree of arc. The technique was also used to study the thickness 
of the parallel portion of single-bevel jewels and the internal profiles 
of other jewel designs.
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CHAPTER 5 
Velocity Profile Influences
As has already been explained in Chapter the discharge 
characteristics of an orifice or nozzle are always dependent upon the 
velocity distribution in the fluid impinging on the upstream side.
Obviously, since the velocity distribution controls the momentum distribution 
in a homogeneous fluid, the change in performance attributable to profile 
influences mil be most marked in the case of a large diameter ratio device 
which Samples1 a greater part of the core region of the flow. Theoretically, 
one would expect that the discharge characteristic of a pressure difference 
device might change with increasing Reynolds number due to the flattening 
of the velocity profile in the region of transition from laminar 
to turbulent conditions, end there mil also be a fall in this range due to 
increased contraction. The nett effect may however be one of either sign, 
depending upon the type of device.
In attempting to decide the part played by velocity profile 
influences in the production of a device's discharge characteristic, it Is 
also most important to consider the degree of profile development. When a 
fluid enters a length of pipe, for example from a large settling tank, the 
velocity distribution is not immediately that characteristic of the prevailing 
pipe Reynolds number. Initially, the velocity is constant across the 
diameter, and only directly at the wall does it fall to zero. Gradually, 
as the fluid flows along .the pipe, wall friction exerts its effect, and the 
fluid layers further away from the wall are retarded until the stable 
profile is produced. In the case of laminar flow, Nikuradse has shown 
experimentally that the parabolic profile becomes developed after an 
'entrance length* of x pipe diameters, where
| rr 0.065 Re (23)
70.
The theoretical analyses of Boussinesq (41) and Schiller (42) confirm 
that the profile is the same for all pipes at any particular (laminar)
jr
value of Re as long as ~ is constant; and the value O.Q65 is also in accord 
with their theories. Assuming that, under normal circumstances, transition 
will take place at a Reynolds number of, say, 2300; it can be seen that an 
entrance length of some 150 pipe diameters would thus be required for full 
laminar profile development.
For turbulent flow, a much shorter entrance length is required. 
Whilst the theoretical approach of Latzko (39) gives the result
= O .693 Re* (24)
it appears that this equation yields values which are rather too short. 
However, from the viewpoint of its effect on orifice or nozzle discharge 
characteristics, an entrance length of some 20 pipe diameters is generally 
considered (12) quite sufficient for the development of the turbulent profile.
In order that the present investigations might be free from any 
influences of velocity profile development, it would thus be strictly 
necessary
(i) to ascertain the Reynolds number range corresponding to 
the turbulent onset under the present experimental 
conditions, and
(ii) to use an upstream straight length of at least that which 
would be indicated by equation (23) for this range.
A clear demonstration of this need is given by the work of 
Bogema et al (43). Using the quarter circle design of orifice plate with 
p a 0.59, these workers measured discharge coefficient as a function of
entrance length over a fixed Reynolds number range. Their results are 
shorn in Figure 21, and illustrate convincingly that the degree of profile 
development can have a large effect on C^. Not surprisingly, the magnitude 
of this phenomenon is greater in the case of some primary devices than 
others; the quarter circle device apparently being particularly sensitive. 
However, other types of devices could be similarly affected, and thus the 
results of any investigation using an entrance length of significantly less 
than 150 pipe diameters over a Reynolds number range which may include 
laminar and transitional flow are, theoretically, to be treated with caution.
It is therefore quite possible that, for example, the work of Tuve and 
Sprenkle (6) and Kastner and McVeigh (13) may be subject to lack of complete 
profile development, since these authors used entrance lengths of 100D and 
48d respectively. Eujen (44) supports this view, but goes further to state 
that "discharge coefficients must be presented as a function of the
Xnumber — — • instead of the Reynolds number Re in order to obtain values 
independent of the distance of the device from the inlet". It seems that 
this author assumes Gp to be a function of upstream velocity distribution 
only, and Zanker (45) feels that this is a rather unwarranted assumption.
Since Eujen*s work was performed before the Rotta ’intermittancy* ideas (46) 
were published, and because no experimental verification is attempted, Zanker 
thinks the work to be of *very doubtful value*. However, it does highlight 
the need for care when dealing with transitional Reynolds number ranges.
As previously mentioned, the effect of velocity profile on discharge 
characteristics is more marked at larger diameter ratios. Thus, in the 
present investigation where small values of this ratio are used exclusively, 
it could be that velocity profile, and hence upstream length, has little 
effect. However, in order that any discontinuities or humps in characteristics
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which might be found in the later experimental work could be related to 
changes in velocity profile* a short investigation of the transitional 
Reynolds number range to be expected with the present apparatus was 
performed.
Using the thermistor anemometer described in the previous chapter 
located as accurateljp as possible at the centre of a stainless steel pipe 
of diameter 0,74 cm, readings of off-balance bridge voltage were taken 
together with the corresponding values of volumetric flow rate, measured 
using the McAfee gauge. Initially, a 207D upstream length of pipe was used. 
The internal roughness of this pipe was measured using the Taylor-Hobson 
tTallysurft technique, and-was found to be approximately J>0 Winch C.L.A.
1 fL(C.L.A. roughness is defined by —  / |e| dL, where e is the height of the
Jq
roughness elements, measured from a centre line). This entrance .length 
had at its upstream end a sharp right-angle bend which would tend to disrupt 
any stable profile already established. Using hydrogen flow at a static 
pressure of jX)0 psi, the flow rate was gradually increased, and then decreased 
over the Reynolds number range in which transition was to be expected 
(1500 < Re < 3500), The resulting graph is shorn in Figure 22a. As expected, 
the centre-line velocity rises with the Reynolds number until the laminar 
parabola breaks down. The velocity then falls as the profile tends to the 
flatter power law shape, A further increase in Reynolds number results in 
an overall increase in velocities without further significant change in 
0^ , and thus the graph rises once more. It must be remembered that, since 
no rigorous calibration of the anemometer was attempted, the exact 
relationship between velocity and off-balance voltage is not known.
(Velocity is, however, a continuously increasing function of bridge off- 
balance voltage until the probe attains flowing gas temperature and saturation
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is achieved. After this, no corresponding increase in off-balance
results from any further velocity increase,) It is thus not possible
to calculate values of C from these measurements, but they are neverthelessv
perfectly adequate for sensing transition. Figures 22b, c and d show the • 
results obtained when entrance lengths of 100, 50 and 25 diameters were used. 
The first conclusion which can be reached from these experiments, 
which were found to be extremely repeatable as regards the salient features, 
and which are not discemably affected when carbon steel pipe of C.L.A, 
roughness 0,02 inch and diameter 0,76 cm was substituted for the stainless 
steel length, is that transition is confined to the range 1950 < Re^ < 2550 
irrespective of entrance length. This is perhaps slightly lower than might 
be expected had a smooth rounded entry been used instead of the right-angle 
pipe bend, but the difference -is not a significant one.
According to the Nikuradse relation (equation 25) previously 
quoted, we see that when a 200D entrance length is used, the profile is able 
to develop to the parabolic form at all Reynolds numbers up to the normally 
accepted region of transition. In the case of a 100D entrance length, the 
parabolic profile will only be fully developed for Re^ £ 15^0, At Reynolds 
numbers between this value and the turbulent onset, the profile will be 
somewhat flatter, and mil thus exhibit a value of C higher than 0,5.
The change in pipe centre line velocity which results when this profile breaks 
down and changes to the even flatter power law shape is thus less than 
in the case of the 200D entrance length. This effect can be seen clearly 
in Figures 21a and b, when the difference in’thermistor bridge off-balance 
voltage between the maxima and minima of the graphs is less in the case of the 
100D entrance length than it is for the 200D test.
Entrance lengths of 50 and 25D will, permit full parabolic profile 
development for Re^ 770 end J>80 respectively* At higher Re^ values, the 
profiles will depart considerably from the parabolic form, and consequently 
.C will rise* If the entrance length is sufficiently short, the velocity 
coefficient of the incompletely developed laminar profile immediately before 
transition may be comparable with that corresponding to the power lav? 
profile after transition. In this case, since there will be virtually no 
change in C at transition, there will be no maximum and minimum in the 
graph of off-balance voltage against Re-p* This appears to have been the 
case for the last two tests shown in Figures 22c and d.
Another feature of these tests was the instability of the bridge 
off-balance voltage. In the case of the first two tests using entrance 
lengths of 200 and 100D, this instability was noticeable only during the 
range of .transition, being greatest as a Reynolds number of approximately 
2100 in each case. Seemingly random voltage fluctuations of some 0.3 volts 
about the recorded mean level were observed, indicating that the pipe 
centre line velocity is varying rapidly in this region. When the shorter 
entrance lengths were employed, these fluctuations persisted throughout 
the major part of the Reynolds number range of the runs,
This instability is in good agreement with Rotta*s ideas of the 
interrnittancy of the turbulent onset. This author has shown (46) that it 
is necessary to use an entrance length of between J00 and 400D to establish 
a well defined critical Reynolds number. However, the writer feels that 
the use of such a length is not necessary in the present investigation, since 
Recrit k-as already been established with sufficient accuracy.
As to the application of these results to the remainder of the 
experimental work in this thesis, it has been demonstrated that in accord
with previous investigations, the velocity profile upstream of a pressure 
difference device depends on the entrance length., and also that the use 
of a sharply angled entry causes no apparent departure from the behaviour 
predicted by theory. If it is later shown that this change in profile 
has an effect on the discharge characteristics of low area ratio devices, 
it is possible that the use of a short entrance may allow any such device 
to maintain an invariant coefficient over a wider Reynolds number range 
than would a longer entrance. Thus, instead of specifying a minimum 
upstream straight length as is the practice in all existing flowmetering 
standards, it may be necessary to specify a maximum. However, over the 
portion of the Re^ range for which turbulent flow is established, this 
could well expose the primary device to effects due to the ’previous history 
of the -flow, which again could invalidate any calibration. Experiments 
designed to investigate these possibilities are described in a later chapter 
For the remainder of the experimental work (unless otherwise stated) an 
entrance length of 200 pipe diameters was used, since it was considered that 
this would give the most repeatable and reproducible conditions at the 
orifice. A downstream straight length of 10D was used throughout.
CHAPTER 6
Initial Investigation of Four Designs of Orifice and Nozzle
As has already been stated in a previous chapter, information 
on the discharge characteristics of devices as small as are used in the 
present study is relatively scarce. It was therefore decided that an 
experimental survey of the properties of a range of different profiles 
should be undertaken, in the hope that the results would suggest a design 
worthy of further study. This chapter is devoted to these initial experiments, 
and may conveniently be broken into four parts.
(a) Cylindrical nozzles (type A)
This’design is a simple one, and thus should be easy to reproduce.
It would therefore appear to be suitable for use down to small physical 
sizes. Unfortunately, however, the results from experimental work which 
has been performed in the past with orifices of this type are not particularly 
optimistic. In addition to the studies of Bonnington (19), Northup (20),
Jones and Lutherer (21) and Spikes and Pennington (22) already mentioned, 
an important investigation was carried out by Koennecke (47) who shows that 
although devices of this type generally exhibit a rather ’wavy1 discharge 
characteristic, it does contain a portion which he suggests can be made 
horizontal by the correct choice of length-to-diameter ratio. If this ratio 
is too great, the entire characteristic is inclined downwards. Whilst this 
author does not say so in so many words, it seems that the l/d ratio has 
also to be ’matched1 to the area ratio in order to produce a characteristic 
with a flat central portion. However, Koennecke states that if the correct
ratio is chosen, the effective range of cylindrical devices with area ratios
< 5
in the range 0.01 < m < 0.3 is from He^ = 1000 to 2 x 10 . This appears
to be a rather bold claim, as most of his experimental characteristics have
begun to fall sharply before this lower limit is obtained. Lichtarowicz,
Duggins and Markland (48) provide what is probably the most up-to-date 
survey of cylindrical devices. Their informative paper, which includes 
Koennecke*s results and also the work of some nine other authors, suggests 
that hysteresis effects and the uncertainty connected with flow reattachment 
make devices with thickness-to-diameter ratios of less than 1 .5 unsuitable 
for low Reynolds number applications.
Even allowing for the generally pessimistic comments that most 
authors make about the cylindrical design, it was decided that a short 
experimental study should be made. This decision was prompted by several 
factors, not the least of which was that a cylindrical bore synthetic jewel 
design has been standardized (49) and is produced by the majority of jewel 
bearing manufacturers. It might therefore be expected to be more freely 
available than other more complicated profiles. Also, the majority of 
investigations in the past have employed much larger area ratios than those 
envisaged for the present work.
Four jewelled plates, having thickness to diameter ratios between 
2.04 and 0.49 were tested, using (nominally) 200 psig hydrogen and 1000 psig 
nitrogen flows. The dimensions of these jewels are given in Table 1.
TABLE 1
Dimensions of cylindrical jewels
Plate No. diameter d (mm)
A1 0.500
A2 0.499
A5 0.499
A4 0.504
axial length 
(mm) V.d ratio
’1.02 2.04'
0.97* . 1.94
'0.75 1.50*
0.69* 1.58
0.47 o.sT
0.25 °-f9
* after removal of upstream rounding
The diameter of the pipe in which the orifices were mounted was 0.792 cm.
Having purged the system overnight, the pressure controllers B and C (see 
Figure 11). were adjusted to maintain the required working pressure in the 
meter .run, A suitable flow rate was then set using the needle valveV5, 
and the bypass VI was closed. When the flow had steadied, as denoted by an 
•invariant differential pressure, the flow rate was measured with the McAfee 
gauge in the manner already described. (It v.Tas found, incidentally, that a 
very small decrease in flow rate was produced on closing the McAfee bypass, V2. 
This was presumably caused by the consequent increased resistance to flow). 
Readings of the rig static pressure, the differential pressure developed 
and the gas flowing temperature were taken during the flow rate measurement, 
and at least four ’repeats* were performed at each volumetric flow rate.
If for any reason the differential pressure was found to vary during the 
measurement, the reading was discarded.
The results which were obtained with the four cylindrical devices 
are shown in Figure 25. In this Figure, as in all others which depict 
experimental characteristics obtained during the present investigation, the 
symbol + denotes points obtained with hydrogen flow, and © points obtained 
with nitrogen flow. The numerical results obtained with these plates are 
given in a previous BP Research Centre Report (50), which also contains the 
numerical results from plates of types B, C and D described in this chapter. 
Also shown in this Figure are the results obtained with cylindrical nozzles 
by Kastner and McVeigh (15). The overall shapes of the characteristics 
obtained in both investigations are very similar, the Kastner and McVeigh 
curves exhibiting discontinuities in the range 600 < Re^ < 800. These authors 
used an upstream straight length of 48d , which from equation (25) indicates
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that the velocity profile might not be fully developed for laminar flow
if Re^ exceeds about 700. At first sight, therefore, it seems that the
discontinuities could be due to velocity profile influences. In the present
work, similar discontinuities are apparent, but this time at Re^ — 300.
Since an approach length of 200D was used, which should allow full profile
development right up to the turbulent onset, it is clear that the effect
cannot be due to changes in profile. If one compares the orifice Rejaiolds
number corresponding to these discontinuities, it is found that they occtir in
both investigations in the range 3*5x10 < Re, < 4.5x10' , which suggests that
d
instabilities within'the device are responsible.
Turning now to the absolute coefficient values, it may be seen that, 
compared with the survey carried out by Lichtarowicz et al (ibid), whose 
results are shown in Figure 24, these characteristics are all some 10 per cent 
high. It was thought possible that this effect might be due to rounding of 
the edges of the jewel bores, and microscopic investigation showed that a 
rounding of radius approximately 0.05 mm was indeed present. Accordingly, 
the upstream faces of the two thicker plates were ground, using a diamond 
lapping paste, until inspection showed that the edge was square. These two 
plates were re-tested, and the results of the tests are also shown in 
Figure 23* (grinding of the two plates with smaller ratios was not attempted, 
due to their lack of mechanical strength).
These ’repeat’ curves are markedly below the original ones obtained 
with the unground plates, the reduction in being some 4 per cent in each 
case. It is interesting to note that the change in profile does not appear 
to have significantly altered the shape of the characteristic, but merely to 
have decreased the value. A study of the effect on discharge coefficient 
of the edge rounding of cylindrical nozzles has been made by Hansen (51) whose.
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results are presented graphically as Figure 25. The points obtained, with
this Figure for comparison, together with results obtained by Koennecke.
It may be noted that all three investigations show to increase with edge 
rounding. Since one would expect edge rounding to decrease contraction 
effects, this is the expected result. However,, the magnitude of the effect 
encountered in the present work is smaller than in either of the other 
investigations. This is probably due to incomplete removal of edge rounding 
by the grinding process. Even allowing for edge rounding effects, the values 
of obtained with these plates are still some 6 per cent higher than the 
trend shown in Figure 24. However, this may not be a strictly fair comparison, 
as it is not at all certain that the Reynolds number range of the present 
work extended far enough for the *ultimate* value to be achieved. In 
addition, as Kastner and McVeigh (15) have pointed out, it is likely that 
flow instabilities in the range of less than approximately 2.0 will make 
the precise determination of the 'ultimate* value very difficult.
There is one further possible explanation for the high values 
of plates Al and A2. Engel (52) has suggested that orifices and nozzles 
of the small physical size used in this work may exhibit a 'scale effect’ 
of some sort. This possibility is examined later.
In conclusion, it seems that there is little point in extending 
this particular portion of the research effort: cylindrical devices do not 
appear to produce an invariant discharge characteristic, even at the low 
diameter ratios of these tests. The general trend of the results (shown in 
Figure 25) is that the magnitude of the total variation over the Re^ range 
of the investigation decreases with This would indicate that a design
/ 4xplates Al and A2 in the present work (for Re^ h: 10 ) have been plotted on
with might produce a 'flatter' characteristic, but it is
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doubtful if a plate of this nature would be suitable for general use, due 
to lack of mechanical strength*
(b) Single bevel nozzles (type B)
This design has an upstream-facing bevel section followed by a 
cylindrical throat. Six jewels of this type were mounted and tested, again 
using 200 psig hydrogen and 1000 psig nitrogen flows in the apparatus shown 
in Figure 11. With the exception of Plate Bl, all these plates had nominally 
the same bevel depth, and the length-to-diameter ratio of the downstream 
cylindrical portion varied between approximately 1.5 and 0.1. The exact 
dimensions of these jewels are given in Table 2.
TABLE 2
Dimensions of single bevel nozzles
Plate No. diameter d (mm)
axial length 
I (mm)
bevel depth 
t (mm)
bevel angle 
© (deg)
Bl 0.499• 1.01 0.52 100
B2 0.499 1.01 0.28 98
B3 0.500 0.76 0.27 114
B4 0.502 0.51 0.24 104
B5 0.501 0.56 0.27 106
B6 0.519 0.29 0.25 104
A
t 
<— >
A
W  yV>
I
The first point to emerge from a scrutiny of the results obtained 
with this set of plates (which are shown in Figure 26) is that they fall into 
two distinct groups. The first three plates all exhibit characteristics 
which rise with Reynolds number whilst those of the second three all fall.
Since the plates were numbered and tested in order of decreasing thickness, 
it therefore seems that there exists a ’critical thickness* (ignoring for the 
moment the possibility of a bevel angle effect) which determines whether the 
characteristic will rise or fall over-this particular Re range. More especially,
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it appears that it is the thickness of the parallel portion of the 
jewel which is the controlling feature, since with the exception of 
plate Bl, all the jewels had approximately equal bevel depths. The 
second conclusion.-which may be reached is that as with the cylindrical 
devices, the absolute value of variation over the Reynolds number range 
of the tests appears to be decreasing with the thickness of the parallel 
portion, indicating that a device with a very short, or possibly even 
non-existent parallel portion might exhibit an invariant discharge 
characteristic. This would tend to agree with the British Standard conical 
entrance design, in which the parallel portion is only some 2 per cent of 
the total thickness.
Some information as to the effect of bevel angle and depth can 
also be gained from the results with this series of plates. Bl and Bj5, 
for example, had approximately the same cylindrical thickness, but bevel 
angles of 100° and 114° respectively. The previously mentioned work of 
Hahnemann (Figure 7) indicates that an increase in bevel angle of this size 
should produce a decrease of some 3 per cent in C , resulting in a similar 
Cp decrease. This effect was not observed - in fact over the higher part of 
of the Reynolds number range plate B3 exhibited a characteristic approximately 
1 per cent higher than Bl. Whilst Hahnemann’s work involved flow from a 
reservoir into a ’Borda’ mouthpiece, it is felt that it may be compared 
with the present investigation for which a very small diameter ratio was 
used. It appears therefore that the greater bevel depth of plate Bl has 
resulted in a coefficient depression of approximately 4 per cent.
The discharge characteristic produced by plate B6 is encouraging.
This plate was made after the results from the others in this series had been 
obtained, and it was hoped that the use of a smaller thickness-to-diameter 
ratio would eliminate the possibility of double contraction or interaction 
between the downstream corner of the jewel and the vena contracta. Over the 
range of the test, varies by less than 5 per cent. Whilst a variation of 
this size would be far too great for normal metering applications, it is 
on occasions accurate enough for use in a small-scale pilot plant.
It does seem that a reduction in thickness-to-diameter ratio produces 
a smaller overall variation in C^ , and it was therefore decided to test a 
further number of inlet bevel plates in which the cylindrical portion was still 
further reduced.
(c) Single bevel orifices (type C)
Ideally, the plates in this series would have an upstream-facing 
bevel and downstream sharp edge. The manufacturers stated, however, that a 
downstream sharp edge was almost impossible to obtain. If the thickness of 
the cylindrical portion of a ’type 33* jewel was reduced too much, a rather ' 
ragged edge resulted, and it was very difficult to measure the bore diameter 
of the device accurately. The plates described here and in the following 
chapter were consequently all characterized by very small downstream cylindrical 
portions, typically 4 0.01 mm long. Three plates of this type were tested.
Their dimensions are given in Table 3# and the results obtained are shown in 
Figure 27*
TABLE 3
Dimensions of plates of type C
Plate No. diameter d (mm)
axial length 
X (mm)
bevel angle
(9 (deg)
Cl 0.536 0.28 102
Cl (A) 0.499 0.28 108
Cl(SS)* 0.465 0.66 100
* Stainless Steel plate
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Plate Cl(SS) differed from all the others used for the present investigation 
in that it did not consist of a synthetic jewel mounted in a brass 1 blank*, 
but was made entirely from stainless steel, the blank being drilled and polished 
to the desired profile (the finish was ~  10 j*inch). This was done to compare 
the performance of metal as opposed to jewelled plates. It will be noted 
that this plate was appreciably thicker than the others in the series. This \ 
was because it was considered almost impossible, to machine a stainless steel 
plate to a thickness-comparable-with'that of the jewels*
The results obtained with these plates were most encouraging.
Whilst the characteristic of plate Cl falls slightly as the Reynolds number 
increases, the plate could be regarded as having a constant coefficient if 
a tolerance of 1 per cent could be accepted. As has been said, several times 
this error is allowable for the majority of pilot plant applications.
Plate Cl(A) also exhibits an invariant characteristic, the scatter in 
experimental points about the mean value being equivalent to a standard 
deviation of 0.9 per cent. The difference in bevel angle between these two 
plates is 6°, and it is thus slightly surprising that the absolute C^ values 
agree so well. The variation of C^ with bevel angle for this design of plate 
is investigated ‘in the following chapter.
The stainless steel plate, Cl(SS) shows a larger scatter about the 
*best fit* characteristic than do the others of this type. Since the 
experimental points on this graph, as with all the others in the present work, 
was taken in a random order, it is conceivable that some form of hysteresis, 
caused by plate roughness for example, is responsible for this increased 
scatter. The higher absolute C^ value obtained with this plate is presumably 
due to the greater thickness of this plate since the bevel angle investigations 
of Hahnemann would not predict an increase of this size. However, the plate
is not really eomparaoie .witn tne otners useo. .tor tne present stuay ana it 
is perhaps unwise to attach too great an importance to this one result.
The experimental work done with 'plates Cl and Cl(A) definitely 
gives ground for optimism as to the potential of the profile, and it was 
decided to pursue the investigation of the various design parameters associated 
with this profile as the second phase of the present study. The work is 
described in the following chapter. •
(d) Plates having an upstream-facing concave cup (type D)
This design consists of a concave cup followed by a downstream 
cylindrical section. Jewels of this type are, in fact, perfectly standard 
’bearing* jewels as used in the watch and instrument industries, the cylindrical 
portion acting as the bearing surface and the concave portion as an oil cup.
There were two reasons for testing this design of jewel. Firstly, 
the type had already been used.in various pilot plant systems at BP Research 
Centre to generate signals for flow control loops, where of course the discharge 
coefficient value was not important. It was thus desirable to determine 
whether existing installations could be used for measurement as well as control. 
Secondly, it is possible that if the device were used with the concave cup 
upstream, this section might impart sufficient radial velocity to the flow 
streams to create artificial turbulence. Such turbulence might thus produce 
a constant velocity profile immediately upstream of the cylindrical portion, 
perhaps resulting in the exclusion of any velocity profile influences from 
the device’s characteristics. Table 4 gives the dimensions of these jewels, 
and Figure 28 shows the discharge characteristics which were obtained.
TABLE 4
Dimensions of piates of type D
diameter axial length cup depth cup radius
JrJudvG JNJO* d (mm) L (mm) x (mm) r (mm)
D1 0.502 0.47 0.14 1.21
D2 0.501. 0.46 0.09 0.72
P/
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The results are most disappointing, and show large irregular variations 
slightly reminiscent of some of the cylindrical device characteristics 
obtained by Koennecke (47), suggesting that the upstream cups are having 
no beneficial effects whatsoever. Also, it is felt that, even for control 
purposes, this design cannot be recommended, and one with a flatter 
characteristic should be used.
CHAPTER 7
The Single-Bevel Orifice - Further Investigation
It was shown in the previous chapter that a primary device
consisting of an upstream bevel followed-by a short parallel portion gives
an encouragingly flat discharge characteristic over the Re range so far
investigated. It will be remembered that this type of device, under the
title of the * conical entrance orifice plate1, forms the basis of a proposed 
addition to the International Standards text (55) on orifice and nozzle flow 
measurement. Due to considerations of mechanical strength, however, the 
single-bevel devices described here are thicker than geometric similarity 
with the conical entrance plate would require. Thus, even assuming that 
any ’scale effect’ is absent, it would be unfair to compare the performance 
of the jewelled plates described in this thesis with results obtained with 
the conical entrance device. It was therefore decided that a more thorough 
investigation of the performance of this device should be made, and such an 
investigation is described in this chapter. The results are shown graphically 
at appropriate positions in the text of the chapter, and the numeric data are 
given in Appendix II.
Two main fields of interest were covered in this investigation.
Tnese were:- •
(i) the effect of varying the method of installation of the 
device, and
(ii) the effect of varying the geometry of the device itself.
The chapter is accordingly divided into two sections.
Section 1 - Installation Conditions
(a) Entrance length
In chapter 5, it was stated that an entrance length of some 
150 pipe diameters is theoretically necessary to permit full development 
of the laminar velocity profile at all values of Reynolds number up to the 
onset of turbulence. The experimental work described in this earlier chapter 
showed that, in agreement with theory, a reduction in entrance length caused 
a flattening of the laminar velocity profile, but that the Reynolds number 
corresponding to the turbulent onset did not vary significantly. VJhilst it 
is generally agreed (52) that velocity profile influences are more marked 
in the case of high area ratio devices than with lower ratios, it was 
nevertheless decided to perform a short investigation into this effect?
Two values of entrance length were used for the tests: 200D (the 
value used for all the remainder of test runs described in this chapter) and 
50D. Values shorter than 50D would not be tested since, considering the 
small diameter (0.55 cm) of the test line, it would be most unlikely that 
shorter lengths would ever be employed were the device to be accepted for 
general use. Theoretically, a 50D length would permit full profile development 
up to Re^ ~ 770, and thus there was no point in carrying out the tests with 
this entrance length at Reynolds numbers below this value.
Two plates of the single bevel design, C4 and Sll (whose dimensions 
are given at the start of Appendix II), were selected for the experiments, 
and measurements of their discharge characteristics were made in the 200D 
entrance length assembly, using both hydrogen and nitrogen flows in the 
manner described in earlier chapters. The 200D entrance was then replaced 
by a 50D length, and the nitrogen flow runs (corresponding to 600 £ Re^ £ 5000) 
were repeated. Finally, another series of measurements was made, using
the 200D length once again* The results of this investigation are shown 
in Figure 29* As described in Appendix V, the computer program used to 
analyse the experimental data also calculates the standard deviation of the 
data on the assumption that there is no systematic variation of with Re* 
The results of these calculations are given in Table 5.
TABLE 9
Results From Entrance Length Investigation
Plate No* Flow and Re^ range Entrance length Mean Coefficient and std.dev.
Hydrogen, 100— 700 200D 0.728 t 0.003 
0.751 - 0.003
C4 Nitrogen, 6oo — 3000 200D 0.731 ~ O.C03 ' 
0.751 - 0.005
C4 Nitrogen, 600 —  3000 50D 0.733 - 0*007
Sll Hydrogen, 100 — 700 200D 0.768 t 0,005  0.770 1 0.005
Sll Nitrogen, 6oo — 3000 200D 0.757 - 0.006
Sll Nitrogen, 600 — 3000 50D 0*753 - 0.007
|^ N.B. The discrepancy between the mean coefficient values obtained with 
• hydrogen and nitrogen flows for plate Sll is, of course, due to the 
falling of nature of the characteristic .J
As can be seen, the reduction of the entrance length from 200D to 
50D has produced no major change in discharge characteristic of either of 
these two plates* All the results obtained with the shorter length, whilst 
perhaps not within the scatter of the 200D values, are certainly within 
twice their standard deviation* Also, it is clear that no systematic shift 
in characteristic has been produced. It thus appears that the only effect 
of decreasing the entrance length has been to increase the scatter of the 
results slightly.
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It is interesting to note that this conclusion is supported by 
a very recent investigation by McVeigh (54), whose work was published whilst 
this thesis was being prepared* This author has used entrance lengths of 
160D and 25D in tests on conical entrance devices at ^  values of 0*267 and 
0 .5*'and has shown that entrance length has no effect of discharge
4
characteristics for 100 < Re^ < 2x10 . This conclusion may be compared 
directly with the present work, in that the geometry of the devices used for 
both studies is similar * Moreover, since McVeigh has shorn that there is 
no effect at y£> = 0*5# it would have been very puzzling had the writer’s 
results at jZ- 0*1 shown any difference between 200D and 50D upstream lengths*
(b) Pressure tappings
hs already stated in a previous chapter, comer pressure tappings 
conforming to British Standard (12) specifications have been used in all the 
experiments reported so far* The Standard quotes a maximum value of O.OpD for 
the width of the tappings, which means that, in a 6 mm pipe, they are only 
0.18 mm ( ~  0*007 inches) wide* Since it might well be regarded as unreasonable 
to specify a tapping of this size for general pilot plant usage (from the 
point of view of blockage as well as manufacture), it was decided that an 
investigation of the effect of tapping width should be undertaken. The work 
of Herning (55) indicates that the pressure profile up and downstream of an 
orifice flattens as diameter ratio decreases, and it was hoped that, due to 
the very low diameter ratios exhibited by the plates used for the present 
study, an enlargement of the tappings would not change the apparent values* 
Once again, plate C4 was selected for this investigation. The 
up and downstream pipes were trimmed back so that the clearance between them 
and the orifice plate was equivalent to 0.07D, and repeat discharge coefficient
measurements were made*, Finally, a further increase to 0.1D was made.? and 
again the discharge characteristic was obtained*
The effect of using *D and D* taps, was also studied* The orifice 
assembly used for this investigation is shown in Figure 16, and contained 
six holes, each O.A mm in diameter, spaced round the pipe wall on both the 
up and downstream sides, distant ID from the orifice faces.
The results of these experiments are shown graphically in 
Figure 50, and are summarized in Table 6,
TABLE 6
Results From Pressure Tapping Investigation
Plate No. Flow and Re^ range Tapping
Mean coefficient 
and std dev
C4 Hydrogen, 100 —  700
Corner,
0.07D 0.731 -
0.001
C4 Nitrogen, 600 — 5000
Comer,
0.0?D 0.731 -
0.005
CA Hydrogen, 100
oo1 Comer,
0.1D 0.730 i
0.001
C4 Nitrogen, 600 — 5000
Comer,
0.1D 0.730 -
0.005
C4 Hydrogen, 100 —  500 D and D 0.731 - 0.002
C4 Nitrogen, 600 — 5000 D and D 0.731 - 0.005
The agreement obtained between these results and those for the 
0.05D comer taps (shorn dotted in Figure 50) is extremely good, and it is 
thus concluded that the pressure distributions up and downstream of the orifice 
remain effectively flat for a distance of at least one pipe diameter. However, 
it should be remembered that this result strictly only applies at the diameter 
ratio used for the tests. Had a much larger diameter ratio been used, an
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increase in tapping width might well have altered C^. In the range of 
medium and high diameter ratios (y§>0.5)> discharge coefficient tends to 
increase with « A significant increase in tapping width will effectively
produce a larger pipe diameter adjacent to the orifice, thus lowering 
and consequently changing C^. However, in the present work, yS is obviously 
so small that the tapping width is not crucial, and accordingly a value of 
0 .06d was used for the remainder of the work*
(c) Diameter ratio
One of the most obvious parameters to investigate during the 
development of any orifice or nozzle profile is the diameter ratio, d/^.
In the present investigation, it would have been very difficult to have 
changed the value of the orifice diameter, d, since this would have necessitated 
changes to the test rig McAfee gauges and manometer, in addition to obtaining 
different sized orifice jewels of the correct profile. It was thus decided 
to alter d/^ by varying D, the pipe diameter. It can be argued that this is 
not a fair way to examine yS ratio influences, since It tacitly assumes the 
absence of any scale effect. It is hoped that work will be performed with 
jewelled orifices of different diameters in the future, but, until such 
jewels are available, the present short investigation should at least give a 
guide to diameter ratio effects.
The investigations which have been carried out during the 
development of various of the well-known designs of orifice and nozzle have 
shorn that ratio effects are almost always neglibible for y£ < 0.5.
A brief survey carried out at the BP Research Centre indicated that, should 
the jewelled single bevel device be adopted for pilot plant use, it is 
highly unlikely that diameter ratioslarger than 0 .25 would need to be employed,
on.account or tne smart a varues neeaea to proauce reasonaoie pressure 
differentials* It was thus not expected that any diameter ratio effect 
would be observed* -Two checks were done,, however, using 12 mm and 2 mm 
diameter assemblies* Plate C4 was once again used for the tests, since its 
characteristics were by now well established. The results of this study 
are shown graphically in Figure J>ls and are summarized in Table 7* It is 
obviously more convenient to consider Re^ rather than Re^ in this case, 
since d is constant throughout.
TABLE 7
Results From ^ Ratio Investigation
Plate No. Flow and Re^ range Pipe diameter (mm)
• /? C € p
Mean coefficient 
• and std dev
C4 Hydrogen, 1500 — 7500 2.14 0.255 0.754 i 0.002
C4 Argon, 6000 — 50 000 2.14 0.255 0.755 - 0.006
C4 Hydrogen, 1500 — 7500 12.4 0.044 0.752 - 0.005
C4 Nitrogen, 7000 — 50 000 12.4 0.044 0.751 - 0,004
As can be seen from this table, variation of jd ratio in the range 
0,044 < ^  < 0,255 has no discemable effect on the discharge characteristics 
of the single bevel jewelled device. Therefore, other than for the purposes 
of calculation of Re^, it is not necessary to know the diameter of the meter 
run to a high degree of accuracy. This is, of course, a welcome conclusion, 
in that a specification of .’normnal bore* piping would thus be quite 
sufficient for any pilot plant application. Another interesting consequence 
of this set of tests is that the discharge characteristic has been shorn to 
be independent of upstream velocity profile, reinforcing the findings of the 
entrance length investigation.
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(d) Scale Effects
The term ’scale effect’ is used to describe differences in 
performance between installations of varying physical size but constant 
relative geometry, when employed at the same value of Reynolds number„
Very little information exists in the literature about this effect apart 
from that due to Bergwerk (56). This worker, studying oil flow through 
cylindrical nozzles of diameters in the range 0.2 mm to 2*5 mm, noticed that 
appeared to depend on absolute physical size, and suggested that surface 
tension effects could be responsible. Presumably it is also possible that 
surface finish could be important since the relative roughness, e/^, could 
well be large enough in the case of small orifices to produce an effect.
The synthetic jewels used in the present investigation, however, are extremely 
highly polished, having a surface finish of better than 0*1 micron (57)> 
which might eliminate this possibility.
A chance to evaluate the effect, if indeed it existed, was presented 
when Dr J.C. McVeigh commissioned a low Reynolds number flow rig at the 
Y/oolwich Polytechnic, (later Thames Polytechnic),London. This rig, which was 
very similar to that used by Kastner and McVeigh (Ip) for their previous 
investigations, employed a pipe diameter of 58 .1 mm (1.5 inches) and was thus 
some seven times the size of the installation described in this thesis.
Since it was felt (45, 52) that an increase in physical size of this magnitude 
should be sufficient to produce a scale effect if it were present^ Dr McVeigh 
was approached to see if it would be possible to perform a short investigation 
on his rig. He very kindly agreed, and accordingly two larger plates were 
designed. Both of these, SE1 and SE2, we re made entirely from brass, and 
geometric similarity to the ’C* design of jewel was maintained. The degree of
similarity is shown in Table 8, from which'it may be seen that both these 
plates exhibit' geometries very close to those of jewels CJ? and C4.
TABLE 8
Relative Geometries of 1 Scale Effect1 Plates Compared to Type C Jewels
Plate Diameter(mm)
Bevel angle 
(degrees)
Ratio of axial 
length to diameter
Parallel portion 
thickness, (mm)
ratio
employed
SE1 3.747 101 0.531 0.05 0.098
SE2 3.708 101 0.532 0.11 0.097
03 0.5254 104 0.552 - 0.095
C4 0.5407 96 0.518 - 0.098
Each brass plate was tested in the Woolwich rig using two oils, of
nominal viscosities 20 and 5 centipoise. Upstream straight lengths of smooth 
copper pipe 150 diameters long were used for all the work, and, for the 
measurements with 20 cP oil the plates were tested in series, separated by 
150D. The numerical results obtained with these plates are given in 
Appendix II.
Since the two plates were of a smaller diameter than those generally 
tested in the Woolwich rig, the higher differential pressures produced 
limited the maximum pipe Reynolds number to approximately 300. The tests 
performed with hydrogen flow in the writer1s small apparatus extended down 
only as far as Re^ ~  150, and thus, whilst there was-a sufficient Overlap1 
between the two investigations, there was no knowledge of the shape of the 
Cp characteristic below this value. Accordingly, runs with water flow were 
performed with plates C3 and C4 to extend their characteristics down to the 
range obtainable at Woolwich. The results of these experiments are shown in 
Figure 52, together with those of the work performed by Dr. McVeigh 
and his associates at the Polytechnic.
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plates, 03 and C4, it is gratifying to note that they agree v,Tell with the 
experiments employing hydrogen flow and also that the discharge coefficient 
has, to within the experimental, accuracy, remained invariant in each case 
down to Re^ 25 *
If the results with the first large brass plate, SE1, are considered 
in two groups according to the flowing oil, they too indicate a constancy of 
coefficient# Taken together, however, they suggest the slightly falling 
characteristic shown in the graph# Nevertheless, the slope is small, and if 
the absolute value exhibited by this plate is compared with those of the 
two jewelled devices, it may be seen that very good agreement exists#
This agreement is all the more striking when it is remembered that the 
bevel angle of -plate SE1 lies between that of plates 03 and 04. The actual
mean discharge coefficient values are as follows
Plate SE1:
Plate C3 :
Plate 04 :
J
The results with plate SE2, are, at first sight, rather perplexing.
There seem a very strong possibility, however, that the low values obtained
with the more viscous oil are due to the inadvertant-installation of the 
plate with the parallel portion upstream. Kastner and McVeigh (13) performed 
tests with a single bevel plate of Johansen’s design (4) which showed that 
not only did the discharge coefficient vary considerably more with 
Reynolds number when the bevel was facing downstream,but also that the absolute 
Gp values were then significantly lower# If we therefore ignore these results
CD = 0.729 ^
r ~ n 70^ / va^ues are ^or
D " *{ ' \ 40 < ReD < 300
CD = 0.730 J
anu uuiisa-uer uixxy wiuse uDxajLnea wj-xn rae per on, xne varue 01 
approximately 0*75 exhibited is slightly (some 5 per cent) higher than would 
have been expected* . However* microscopic investigation showed that there 
was a certain amount of rounding of the edge joining the bevel to the parallel 
portion* This could well decrease the amount of contraction taking place* 
hence increasing C^. Also* the thickness of the parallel portion of this 
plate was greater than strict geometric similarity to type C jewels would 
require* In fact*~the par alleX'portions of these jewels were too small to 
measure, but were estimated to be a maximum of some 2 per cent of the diameter* 
Plate SE2 has a parallel portion of length 5 per cent* and* comparing the 
results which Kastner and McVeigh obtained (15) with upstream bevel devices 
having the same bevel angle and thickness* one with and one without a parallel 
portion* it appears that the addition of such a portion does increase C^.
This conclusion is borne out by the work described in the second section of 
this chapter*
It has thus been demonstrated that no discemable scale effect 
exists in the present case* It is considered that the absence of such an
effect could well be due to the extremely good surface finish of the jewels
used, viiieh enables geometric similarity of relative roughness, e/d, to be 
maintained even at very small d values*
Section 2 - The Geometry of the Device
(a) The thickness of the mounting plate
A large number of the jewels tested during the course of this 
project were extremely thin (less than 0*5 mm). Thus* the brass plates in 
which the jewels were mounted, being of the same thickness, had no great
mechanical strength. If devices of this nature were to be used in process 
pilot plants* it is conceivable that the pressuring and depressuring at the 
start and end of the plant operation could place considerable strain on the 
plate* possibly resulting in the ejection of the jewel.- If* however* one 
could add rigidity to the plate b3r increasing its thickness* the probability 
of such an occurrence would be reduced. It appears from the work already 
performed with different types and widths of pressure tappings that the 
pressure distribution on either side of the device is flat. This means that 
if the brass blank were thicker than the jewel (effectively moving the tapping 
positions away from the faces of the jewel), no change in discharge 
characteristics would be produced so long as the additional thickness did not 
interfere with the passage of the flow streamlines through the device* It may 
be noted that such an increase is permitted in the case of the conical entrance 
device which forms the basis of the draft International Standard previously 
mentioned* thought in this instance the total plate thickness may not exceed 
0,1D. (the reason.for this specification in terms of pipe rather than orifice 
diameter is that* as shown by Herning (55)j the flatness of the up and 
downstream pressure distributions increases as decreases. The plate, In 
terms of d* may therefore be proportionally thicker at smaller diameter ratios. 
For the conical entrance design* 0*5 £ ^ 0,1, so the maximum permissible
plate thickness is l,0d.) The standard further states that any additional 
thickness should be on the downstream side and should be at a distance of not 
less than l.Od from the orifice axis.
For the purposes of the present work* it was thought that if the 
total plate thickness could be increased to approximately 1 mm, ( ^  2d) 
sufficient rigidity would be achieved. It was thus necessary to establish
if an increase of this magnitude would have any effect on the discharge 
characteristics. For the purpose of this investigation, one of the jewels 
(S4l* which was 0,28 mm thick) was mounted in a blank of total thickness 
1,09 mm. All the extra thickness, which amounted to some 1 *>58d, was carried 
on the downstream side of the plate. It was bevelled at approximately 45°* 
and was approximately 5d in diameter where it joined the jewel. This 
arrangement is shown in Figure 55* together with the results obtained firstly 
with this extra thickness present, and secondly after the downstream side of 
the blank had been skimmed back flush with the face of the jewel.
Theory would suggest that the effect of this increase in total 
plate thickness would be to decrease C^. This is because the addition of such 
a thickness effectively moves the pressure tap further downstream and towards 
the vena contracta, which as has been previously stated, will not be closer 
than 0,5D (ie ~  5d in this case) to the orifice. The differential pressure 
corresponding to any particular flow is thus increased: hence is decreased. 
If anything, the results do show that Is very slightly higher when the 
thickness is removed, though the change cannot be regarded as a significant 
one.
It seems, therefore, that no detectable pressure regain takes place 
with devices of this nature, due almost certainly to the very low diameter 
ratio employed. This conclusion substantiates the findings of the pressure 
tap investigation, and further indicates that extra downstream thickness, 
when in the form employed here, does not disturb the flow pattern through 
the device. No further work was done on this facet of the investigation, 
since it was considered that there would be no need to use plates thicker 
than 1 mm in the.future. If devices of diameter significantly smaller than 
the nominal 0.5 mm used for the present study were employed, a total plate
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thickness of 1 mrn would be equivalent to more than 2d. It would then be 
possible that the jet emerging from the jewel might ’reattach’ on to the 
brass plate*. ‘This should be borne in mind if work with smaller jewels 
is ever performed*
/
(b) The geometry of the jewel itself
One of the most important points of the present investigation was 
to determine whether a synthetic jewel randomly selected from a batch of 
nominally identical stones supplied by a manufacturer could be mounted and 
used for flow measurement vlthout prior calibration* It was obviously 
impossible that measurement of the diameter, d, could ever be omitted, 
especially when it is considered that this Is never done even in the cane of 
much larger orifices and nozzles* The point at issue, however, is whether 
variations of bevel angle, parallel portion and overall thickness within a 
batch of jewels may be neglected, and also whether any slight imperfections 
in the jewels will cause large variations in performance*
• A batch of 50 jewels were ordered from a Swiss manufacturer 
(Seitz and Co, Les Brenets, Switzerland) and, after a delay of some six 
months, arrived. Four were selected from these, using the microscopy 
technique described in Chapter A, and were mounted in brass blanks. These 
were chosen to be representative of the bevel angle and axial length variations 
found to exist in the batch.
An English firm (Fred Lee and Co, (Coventry) Ltd) which 
manufactures jewel bearings under Swiss licence was also contacted, and 
agreed to make another batch of jewels, including a few of slightly greater 
axial length. Five of these jewels were selected on their arrival and 
were mounted* The dimensions of all these new plates are given in the Table
at the start ot Appendix 11, and the experimental discharge characteristics 
obtained are presented in Figures 34 ~ ^8 inclusive. A number of repeat 
test runs were performed, and the results are included in the Figures.
A few additional runs were also carried out with helium flow at 400 and 
argon flow at 1400 psig as a further check on the independence of discharge 
coefficient on flowing fluid. The results are now discussed in terms of the 
various jewel design features.
investigation covered the included bevel angle range from 85 to 106 degrees.
The previously mentioned study of Hahnemann (16), whose results are presented 
in Figure J, shows that a variation of 6 per cent in the contraction coefficient
investigation have not always been flat, and thus, to examine the influence 
of bevel angle on it is necessary either to exclude from the analysis 
those plates for which varied markedly with Reynolds number, or alternatively 
to select a fixed value of Reynolds number at which the comparison is to be 
made. When considering the effect of thickness-to-diameter ratio of 
cylindrical devices in a previous chapter, it was stated that the authors,
4Lichtarowicz et al (48), had selected the value Re^ = 10 for this comparison. 
Although there is doubt as to whether all the devices of conical entrance 
design have attained an ’ultimate* level at this Reynolds number (as was
As may be seen from Table 11$, the jewels used for the present
Cc could be expected over such a range. Considering equation 7* reproduced 
below, it would thus be reasonable to expect that this would produce a
variation of almost exactly the same size in
1
2
(7)
The discharge characteristics obtained during the course of this
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considered to be the case with these authors’ cylindrical nestles) 
it was nevertheless decided to carry out the present study at this same 
level* Further reasons for the choice are that it is near the centre of 
the range over which discharge characteristics have been investigated and 
in which they are therefore best known* Further, in the majority of cases 
the Cp value at this Reynolds number is a good approximation to the mean 
over the range of tests* Due to the low ^  ratios employed, its selection 
will also ensure that the upstream flow will always be laminar* The risk 
of including variations in due to the onset of turbulence in the approach 
length is thus avoided,
4Accordingly, the values at Re^ = 10 are plotted against bevel 
angle in Figure 59* The results from plate S25 have been excluded from the 
figure since its characteristics are not well defined. The reason for this 
is discussed later. The variation of Cc with bevel angle due to Hahnemann (16) 
is also shown on the graph for comparison*
Since the maximum possible value of Cv is 1*0 (and, in fact, a
more likely upper limit at the Reynolds numbers of this investigation is
approximately 0.8) we see from equation 7 that it is impossible for to
exceed Cc* The graph, however, shows that the experimental values do
exceed Hahnemann’s C curve, and it must be concluded that this author’sc
work cannot be strictly applicable to the present investigation. There are 
several possible reasons for this conclusion. Firstly, Hahnemann’s work 
was performed with Borda mouthpieces, and the difference between the flow 
mechanism in these and in the small jewelled devices of the present work 
could produce the effect. Secondly, the work employed flat upstream velocity 
profiles, which might be expected to produce greater contraction and hence 
give lower values of Cc than the fully developed laminar profile existing
1 2 2 .
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in the present study. Thirdly, as previously suggested, it is possime 
that the jewelled devices have not attained their ’ultimate1 values.
Although there is a discrepancy in absolute values between the 
present results and Hahnemann’s work, it could be said that the same 
general downward trend of with increasing bevel angle is nevertheless 
apparent. However, the scatter of the points is too great to allow the 
derivation of any accurate numerical relationship between and 0.
This scatter is of course due to the plates differing not only in bevel 
angle but also in bevel depth and parallel portion thickness. It was therefore 
decided to perform a multiple linear regression analysis on the data. The 
regression parameters used were bevel angle, 6 , non-dimensional bevel
( & — X ) Xdepth — —— - and parallel portion thickness
Theoretically, it would have been possible to include in this 
analysis all the plates of the ’conical entrance* design. However, since 
the characteristics of some of these (331-6, Cl and Cl(A)) were obtained 
using the unmodified apparatus with d/p cell rather than manometrie 
differential pressure measurement, it was decided to exclude these from the 
analysis. Although this decision reduced the number of plates considered 
in the analysis, it did remove the possibility that ’between apparatus’ 
errors would interfere with the regression. It was also decided that
plate S25 should be excluded as a reliable estimate of the C^ value at
l\. ' .
He^ = 10 was not possible. (More is said about this discrepancy later.)
The information submitted to the computer for multiple regression
i
123.
analysis was thus as follows
TABLE 9
Data Used For Multiple Regression 
Analysis
Plate
Bevel Angle 
(degrees)
0
Thickness
i/d
Parallel Portion
*/d
C^ at
D 4 Re, = 10 d
C2 106 0*5^5 0.000 0.722
03 104 0.552 0.000 0.720
C4 96 0.518 0.000 0.731
L9 89 1.04 0.115 0.781
L15 93.5 0.417 0.159 0.790
L16 90.5 0.418 0.116 0.757
L56 88 1.94 0.549 0.802
L69 86 1.53 0.167 0.772
L71 106 0.709 0.118 0.746
Sll 85 0.507 0.045 0.761
S39 88 0.549 0.059 0.770
S4l 88 0.546 0.082 0.767
The analysis, which was performed on the Elliot 4120 computer 
at BP Research Centre, used a general multiple linear regression program 
written by members of the Centre’s Mathematics and Statistics section.
XThe results showed that the length of the parallel portion, rr, was the most 
significant single variable, accounting for some 65 per cent of the C^ 
variations. The inclusion of the bevel angle as a second variable increased 
this figure to 84 per cent, and the resulting two variable equation was a 
significantly better fit to the data at the 1 per cent level ^the value of 
the F statistic with 1 and 9 degrees of freedom being 10.7)* The addition 
of bevel depth as a third variable did not significantly improve the regression
fit (f^8 = 2.58).
The two variable equation was:»
CD = 0.892 - 0.001590 + 0.165 x^d
jlii quoting, ior example, yp per cenx. commence limits lor 
this equation, it must be remembered that these will'vary with the actual 
values of and 9 , being smallest near the mean values of these parameters 
and widening at either end of the range* For —• 0*1 (the mean of. the
present data) the 95 per cent confidence limits were found to be i 3*0 per cent,
X
whereas at *— = 0*0 the value was ± 4.2 nsr cent, d -
Note
It is interesting to see that this equation reduces to = 0.606 for a 
sharp-edged thin plate orifice ($ = l80°, — >0) - very close to the
accepted value. Since, however, such a comparison involves the use of the 
equation outside the range for which it was derived, it is not strictly 
valid, and **s very probably a chance result.
,
As a further check on the validity of the two-variable regression 
equation given above, a jewel from another batch was tested. This jewel, L103, 
was of a larger diameter (0.754 mm) than those previously used, was O .67 mm 
thick, and had a parallel portion thickness and bevel angle of .049 mm and 
87.5° respectively. Substituting these two latter figures into the regression 
equation gives = 0.764. The plate was tested in the normal manner with 
hydrogen and nitrogen flows. The results are quoted in Appendix II, and shown
lL
as a Cp vs He plot in Figure 39* It is gratifying to note that at Re^ = 10‘, 
the discharge coefficient of the plate is 0.767# in very good agreement with 
the predicted figure.
Jt-xIt is slightly surprising that the bevel depth — was not found 
to correlate significantly with C^ , especially in the light of the previously 
mentioned investigations of other workers. As has been said, a three-variable 
equation could be quoted, but, whilst this would close the confidence limits 
on CD prediction near the centre of the range, it could well lead to wild 
inaccuracies for geometries which departed markedly from the means of the 
present data.
t
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A possible explanation of this anomaly is that errors in the
determination of the geometry of the plates is masking the correlation,
£~xor alternatively, that not enough of the plates had values which 
departed significantly from the mean value of the sample. Obviously, this 
might have been resolved if the number of plates tested had been much larger,
A second possibility-is that, as has already been suggested, the values 
of some, or perhaps even all the plates had not attained their ultimate level,
McVeigh (15) has also investigated the effects of varying the 
geometry of a basic conical entrance device, and reports results for eight 
plates with short downstream parallel sections (his !Gf series) and nine 
with sharp edges downstream (J and K series), all of which exhibit different 
bevel angles and plate thicknesses. Unfortunately, information as to the 
relative thicknesses of the bevel and parallel portions of the * G* series 
plates is not available, or a regression analysis similar to that performed 
here could have been applied to these results, and would have provided an 
interesting comparison.
Turning now to the actual shapes of the discharge characteristics 
obtained in the present work, it is difficult to find any relation between, 
for example, the observed variation in within the Reynolds number range 
of the tests and any of the geometric features of the jewels. Again it must 
therefore be concluded that random errors are significant in their effect on 
Cp. For example, it was noticed that whilst the surface finish of the 
jewels was very good, the conical entrances were sometimes not Quite flat, 
their sides, in section, appearing slightly bowed, and occasionally having 
slight ridges running round them. Also, it was noticed that on occasions 
the downstream end of the parallel bore was slightly rounded, presumably 
slightly decreasing its effective length. Defects such as this could well
be responsible for the observed variations. It must again be stated 
that the existence of defects of this nature was not considered to be a 
reason for the exclusion of any jewel - the purpose of the investigation 
was to study the variation which would result from the use of a jewel 
randomly selected from a commercially produced batch, any of which could 
exhibit such defects.
The slight downward slope of the characteristics with increasing 
Reynolds number exhibited by a number of the jewels is an indication that 
their behaviour tends towards that of a noz.zle rather than an orifice, since, 
in general,a nozzle’s characteristics fall to a constant value with Re, 
whereas those of a thin plate orifice rise to one. This is not surprising, 
since none of the jewels had thickness-to~diameter ratios less than 0.4, which 
compared with normal large-scale orifices, is very thick. One might expect 
on the basis of this argument that an improvement in the invariance of the 
Cp value with Reynolds number would be obtained if the thickness could be 
reduced. With devices of the small physical size used for this study, however 
such a reduction would be well-nigh impossible from strength considerations, 
and would also create mounting problems.
Some of the plates tested exhibited slight 1humps1 at the lower 
end of the test Reynolds number range. Although, as said previously, this 
feature occurs in the investigations of Johansen (4) and Tuve and Sprehkle (6) 
it is perhaps slightly unexpected here, where the ratio is small and the 
plates are thick and carry an upstream bevel. However, the appearance of such 
a feature does serve to emphasize the ’hybrid* nature of this design - the 
nozzle-like behaviour at higher Re values (due to the bevel) giving way to 
the orifice characteristic as Re is decreased and the effects of the parallel 
portion predominate.
The final feature of the experimental results .which merits 
discussion is the discrepancy between the results obtained with hydrogen 
and nitrogen flow for plate S25. This discrepancy amounts to some 5 or 4 per
cent of the mean CL. in this region, which is clearly more than two standard
\
deviations (as calculated in Appendix III) and thus is unlikely to be pure
chance. It is also noticeable that the repeat measurements with this jewel
exhibit a larger scatter than was found with other plates, possibly indicating
some form of instability. Very careful inspection of this particular jewel
showed that the axis of the conical entrance and parallel portion was not
perpendicular to the up and downstream jewel faces. Zanker (45) has suggested
that this configuration could result in instabilities in the jet emerging
from the device, causing perhaps intermittent reattachment of the flow streams
to the downstream edge. If this were so, bearing in mind that the device
accounts for the major part of the pressure drop in the system, it is possible
that self-induced pulsations could occur. Such pulsations would introduce
square root errors into the experimental readings and the calculated values
based on correct volume flow would appear low. If it could be shown that
pulsation could have occurred in the case of the hydrogen flow results, a
possible explanation for this effect would therefore have been produced.
Unhappily, an examination of the Hodgson criterion (58) for
assessment of the severity of pulsations indicates that this phenomenon would
be more likely mth nitrogen than hydrogen flow, as is now shorn.
The Hodgson parameter, H , is defined as follows
„ V.f AP 
Ho = ”  • “
where V is the volume of the pipeline, and
f the pulsation frequency.
Making the assumption that f would be some (increasing) function
f
of the linear velocity through the orifice, we see that the ratio — will 
be constant (le unaffected by the flowing fluid), V is also a constant, and 
therefore any difference in the value of H between hydrogen and nitrogen
A pflows will be due solely to differences in ~~~zc In the region of overlapJr
between these gas flows,
P AP
p~^ = 7*25 and,typically, rp~^ = 20, Thus, hydr°gen .H° ~  145
N2 nitrogen H0
If, therefore, self-induced pulsations are to be expected at all, it is 
more likely that they will occur in the case of the nitrogen flow which 
exhibits a lower Hodgson number, (The lower the value of this parameter, 
the smaller is the ability of the installation to damp pulsations,)
An alternative explanation of this discrepancy between the hydrogen 
and nitrogen flow results could be that the particular hydrogen cylinder used 
for the two runs in question contained an unusually high concentration of 
impurities, and thus had an actual density higher than the figure used for 
the calculation of, C^ , In order to explain this effect, an increase of some 
8 per cent in density would be required. According to the manufacturers, 
the most likely contaminating gas would be air, A simple calculation shows 
that, due to the large density contrast, an impurity concentration of only 
just greater than half a percent by volume would cause the required overall 
density change. Whilst the normal concentrations of impurities are quoted 
by the manufacturers as being in the order of one or two hundred parts per 
million, they do admit that it is occasionally possible for a cylinder to 
contain much higher concentrations of air.
Whilst this does form a possible explanation of the discharge 
characteristics obtained with plate S25, it seems rather too much of a 
coincidence that the effect was obtained only with a jewel whose geometry 
was not axially symmetric, and it is felt that, in fact, this lack of 
symmetry is more likely in some manner to be the cause, McVeigh (59) has 
suggested that this defect in the shape of plate S25 could affect the energy 
loss between the up and downstream pressure tappings, resulting in a different 
value of the constant K (see equation (7a) in Chapter 3) for each floving 
gas, and hence a difference in value. To evaluate what order of change 
in this constant would be required to produce the effect, one must first 
obtain an appropriate value. Hahnemann*s figure, being less than the 
observed C^ , clearly cannot be used. Suitable values of the two kinetic 
energy coefficients, cx^  and oc^ , would also be needed for such an exercise, and 
it is thus not considered that any practical value would be derived by 
performing it. Nevertheless, although the constant K is normally thought to 
be a function of Reynolds number alone for any particular device, it could 
well be that the non-axial geometry of plate S25 is causing a discrepancy 
of this nature.
Variation in the value of obtained with different flowing gases 
is also apparently present in the work of Reed and Sprange (60). After 
discussions with the writer, these authors also used synthetic jewels of a 
single bevel design as primary devices, but did not try to predict their 
performance from geometric considerations, being content to calibrate all those 
required individually. However, Reed and Sprange performed their experiments 
at atmospheric pressure, using either rotary wet seal gas meters or soap-bubble 
meters, depending on the flowing gas. Variations in performance between these
two types of meters and also the errors Involved in the use of the latter
type (a study has been made by Levy (6l)) undoubtedly account for some part
of the differences in C„ values obtained by these workers, who also attributeD 9
the lack of agreement of their results to departures from ideal gas behaviour.
Whilst this may be the case* it is unlikely that a similar -explanation would
Ap
be valid at the very much smaller —p ratios of the present study* Since these 
authors give no information about the bevel angles of their jewels* a 
comparison of their results with the present work was not possible.
One final conclusion about the effect noticed with plate S25 is 
that the linear regression equation derived earlier in this chapter indicates a 
value of = 0*766 for the plate* As can be seen from the characteristic 
actually obtained (Figure ^S)s this figure (for Re^ « lcA) is in good
agreement with the hydrogen flow results. It would therefore seem that, if
the non-standard geometry of this jewel is indeed responsible for the effect,
the nitrogen flow results have been the more affected*
Summary
In this chapter, the results of an investigation into the effects 
of the various design features of the single bevel device have been presented, 
together with details of the influence of installation conditions. A consistent 
set of measurements of discharge characteristics obtained with the modified 
apparatus described in Chapter 4 has been analysed, and a regression equation 
relating discharge coefficient to bevel angle and parallel portion thickness 
has been obtained. It has also been demonstrated that this equation predicts 
accurately the performance of a plate of a' different diameter. Possible causes 
of an anomaly noticed with one plate have been investigated, but no firm 
conclusions have been reached.
1^ 2.
CHAPTER 8
Conclusions Of The VIork And Its Application To Pilot Plant
Flow Measurement
The project has been concerned with the examination of the discharge 
- characteristics of small jewelled orifices and nozzles. Four main designs 
have been studied, and it has been shorn that a device consisting of an 
upstream bevel followed by a short downstream parallel section is capable of 
producing an approximately invariant discharge coefficient over the device 
Reynolds number range 1500 Re^ £  33000. The dependence of absolute value 
of discharge coefficient, C^ , on the installation of the device and on its 
own relative geometry within this Reynolds number range has been investigated, 
and the results have lead to the following conclusions:- 
1* ’Effect of Upstream Straight Length
The reduction of the straight run of pipe upstream of the device 
from 200 to 50 diameters in length produces no discernable effect on discharge 
characteristics, even though anemometry techniques show that such a decrease 
results in flattening of the upstream velocity profile at the orifice. Any 
upstream straight length within this range may therefore be used.
2. Effect of Pressure Tappings
The absolute discharge coefficient value is independant of the 
width, w, of the pressure tapping slots in the range O.O^D 4 w ^  0.1D. In 
addition, no change in is produced if D and D tappings are used. This 
demonstrates the flatness of the pressure profiles on each side of the device, 
and shows'that-no great care .is needed in selecting or controlling the 
pressure slot width.
133-
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Variations in the diameter ratio, /3 , at which the device is
discharge coefficient. Although these variations were achieved by means of 
different pipe diameters, it is considered that the use of different sized 
devices in a pipe of a constant diameter would yield the same result. This 
conclusion is supported by the finding that there ■■was no discernable scale 
effect between the jewelled plates and all-metal replicas approximately 
seven times the size.
4. Effect of Additional Downstream Plate Thickness
The jewels used in the present investigation were typically 
only some O.J mm thick, A brass blank of this thickness might not possess 
sufficient mechanical strength to withstand normal plant operations 
(pressurising, depressurising). A test has shown, however, that nc- change 
in the performance of the device results from an increase in brass blank 
thickness on the downstream side of the plate, the increase in this case 
being of some l,6d. Because of the flattening of up and downstream pressure 
profiles at low values of diameter ratio, it is likely that the thickness 
of the brass blank relative to the orifice diameter may be able to be increased 
as the orifice becomes smaller. It therefore seems appropriate that the 
maximum allowable plate thickness should be quoted in terms of pipe, rather 
than orifice, diameter. Although further experimental work is needed before 
any firm recommendation on this point can be made, it would appear that an 
additional plate thickness of up to approximately 0.15D will have no effect 
on the performance of devices of this nature.
5» Effect of Jewel Bevel Angle, Bevel Thickness, and Parallel Portion 
Thickness
A linear multiple regression analysis, performed on the results 
obtained with jewels of different bevel angles, bevel thicknesses, and
operated in the range 0,04 ^ p  ^ 0,25 produce no apparent effect on
1^4.
measurements may be used to predict the value of discharge coefficient. The
equation indicates that bevel angle has the larger effect, although the
analysis shows.that the present results correlate more strongly with parallel
portion thickness, suggesting perhaps that the measurements of parallel portion
thickness made during the study were proportionally more accurate than those
of bevel angle. The equation covers the ranges 85° ^ 0 ^ 106° and
0.0 4 0.i>49, and should not be used outside these limits. Although bevel
depth does not enter into the equation, values should not lie outside the
i - xrange used in this work, 0.28 ^ 4 1*59* Since such limits are representative
of the scatter exhibited by nominally identical jewels supplied as a batch by 
the manufacturers, it is concluded that any jewel from such a batch may be
used without prior calibration if an error of - 4.2 per cent (to 95 Per cent
confidence) on indicated volumetric flow rate can be tolerated. This figure,
4it will be remembered, applies to the coefficient value at Re^ = 10 . Since 
some of the measured characteristics fall slightly with increasing Re, an 
overall figure for .the entire Re range of the tests is probably - 6 per cent. 
Experience indicates that such an accuracy would be quite adequate for the 
majority of normal pilot plant applications.
Application of the Technique to a Typical Pilot Plant Case
In order that the results of this study may be used to design flow
measurement installations, it is thought useful to provide an example of the 
design procedure involved. Accordingly, such an example is now given.
Problem
To design a jewelled orifice installation for the measurement and
monitoring of the supply of Methane feed gas to a pilot plant unit.
Information available
Required flow rate:
Flowing pressure:
100 standard litres/hr 
400 psig (28.2 atmospheres)
Flowing temperature: ambient
The differential pressure is to be measured using a 0-10 in w.g.
d/p cell or chart recorder.
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Calculation procedure
The first step in the calculation is the selection of a suitable 
orifice diameter. From equation (8) (Chapter 3) we have:«
2 4o / 2~ t P (the symbols being as defined
b. = -77^ * / 1 - m . j
D v // t p at the start of this thesis)
Assuming that the ratio of differential to static pressure will 
be extremely small, one may neglect compressibility effects and use this 
form rather than the more complicated equation of Appendix III. Also, by 
suitable subsequent choice of the pipe diameter, we can make m small, and 
hence neglect the velocity of approach term. Tne equation thus reduces to:-
2^ / P
irCD * J
Working in the e.g.s. system of units, with the exception that,
by the nature of the measuring devices normally employed, it is convenient
to use inches water gauge for differential pressure, this equation may be 
witten: -
d = Cdx55.434 ' / ] ?  (8b)
In this equation, Q is the volumetric flow rate at flowing conditions.
3 -1In the example, the appropriate value is thus O.98 cm s • A fair first 
approximation to the orifice’s discharge coefficient is 0.75* Also, the 
density of Methane at the stated flowing conditions is 0.019 gmcm . Assuming 
that we require a differential pressure near the centre of the sensing 
instrument’s range (ie approximately 5 in w.g.) we then have:-
2 _ O.98 j 0.019
” 0 .75x55.434 v  5
/
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say, 0.25 mm, below which size precise measurements of bevel angle and 
parallel portion thickness might become difficult, it is recommended that 
either a lower differential is tolerated, or an alternative flow measurement 
method is employed. A suitable alternative, for example, might be the 
measurement of differential pressure across a capillary tube under laminar 
flow conditions. This method is discussed in Appendix VI.)
Assuming that the nearest stocked jewel size is 0.35 mm diameter, 
it is next necessary to check' that the Reynolds number corresponding to the 
required flow rate is within the investigated range.
He < % „ %
T 1
Using a value of 110 micropoise for flowing viscosity, we therefore have:- 
_ 4 x O .98 .x 0.019
Re =  ---------- ----------z ------------------
110 x 10 x 0.035 * t  
= 6.2 x 105
This value is within the range studied in this thesis 
3 ' 4
(1.5x10 < Re^ < 3-3x10 ). If the calculated value had been outside the range,
as for example might be the case with some liquid flows where the kinematic 
viscosities ( ) are generally higher than for gases, it might be necessary
to use another method, of measurement, eg the laminar flow capillary device.
Having therefore decided that an orifice of 0.35 mm diameter would 
be suitable for this application, one is selected from the batch. Measurements 
of the exact diameter, bevel angle and parallel portion thickness of the jewel 
are then made, using the transmission microscopy techniques described in 
Chapter 4 for the latter two determinations. A check on overall thickness
137.
should also be made.
Assume that the results of these measurements were as follows
Diameter, d = 0.358 mm
Bevel angle, - 91°
Parallel portion thickness, x = 0e011 mm
Overall thickness, I - 0,27 mm
X ' I* —X
Thus, since /d - 0.03 and — = 0.73* the jewel is within the
range over which the present results are valid.
Using the linear regression equation developed in Chapter 7*
we therefore have:-
CD = 0.892 - 0.00159 x 91 + 0.163 x 0.03
= 0.752
Having calculated an accurate value of discharge coefficient, we may now 
return to the original equation to find the exact differential pressure 
corresponding to the required flow rate. We note that if the device is
mounted in a line of N.B. tubing (nominal diameter +* 0.55 cm) the diameter
cl *ratio, of the installation will be less than 0.1 and therefore that the
/ 1velocity of approach factor/ g-qj- is almost exactly unity, justifying its
. . ~ (r>)previous omission.
Rearranging equation (8b), we have:
0^ x55.A3Axd2
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In the present example, therefore,
J A p
0.752x55. 454x0. 05582
= 2,55
p = 6.40 in. w.g.
To summarize, it has been shown that the use of a.single bevel 
jewelled orifice of 0.55 mm nominal diameter will produce a differential 
pressure of 6.4 in^  w,g. at the required flow rate. An approach pipe of
the upstream straight length need be only 50D (approximately 28 cm) long, 
and the pressure tappings may be up to 0.1D wide. Alternatively, D and D 
tappings may be used.
Needless to say, the main advantage of this type of installation 
over a rotameter or McAfee system is that a continuous indication of flow 
is produced, and this indication can easily be used as the input signal for 
an automatic flow control loop.
One important point to be remembered is, however, that the method 
is only suitable for use where the density of the flowing fluid is constant, 
or is some previously established function of time.
J- N.B. tubing would be suitable for this installation. As stated previously,
159.
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APPENDIX I
CALIBRATION OP THE d/p CELL 
AND McAFEE GAUGES
(a) Calibration of the 'Foxboro' d/p cell
(i) Atmospheric pressure calibrations
A water manometer connected to the high pressure side of the d/p 
cell was used to produce pressures in the range 0-20 inch w.g., the low 
pressure side being left open to the atmosphere. The corresponding d/p cell 
output was measured on a mercury manometersthe scale of which was graduated 
in psi. At the start of a calibration* the d/p cell’s zero was adjusted in 
accordance with the maker’s instructions so that the output was 5*00 psi for 
no input. After this adjustment had been made, input pressures were applied. 
to the cell in a random order, and the corresponding output was noted. Least 
squares regression analyses were performed on the results to calculate the 
slope of the input/output curve and the standard error. This procedure was 
repeated at the end of the initial discharge characteristic investigations to 
determine whether the 'gain' of the instrument had changed during the work.
(ii) High pressure calibrations
In order to investigate the possibility of the slope of the cell 
input/output curve changing with static pressure, a series of calibrations 
were performed at static pressures in the range 200 psi (1^.6 atm) to 1500 psi 
( 100 atm). A needle valve supplied from a high pressure gas cylinder via
a pressure controller was used to develop the differential pressure, which 
was measured using a mercury-in-steel manometer with electrical level detection. 
This manometer, made by the Exactel Instrument Company, was fitted with a 
digital read-out, readable to 0.001 inch Hg. These tests were performed at 
the laboratories of BP Chemicals (UK) Limited, Epsom, where the instrument
ibb.
was situated. Calibrations, performed as previously described, were done 
in the following order
(1) 200 psig
(2) Atmospheric pressure
(3) 1000 psig
(4) Atmospheric pressure
(5) 1500 psig
(6) Atmospheric pressure
(7) 1300 psig
(iii) Results of atmospheric and high pressure calibrations
Fitting the equation:- cell output (psi) = const + k x cell input
(mm w.g.) gave the following results:-
Atmospheric Initial calibration, k = 0.02360
Calibration at end
of work, k = 0.02365
High pressure (results listed in the previously specified order)
(1) k = 0.02359
(2) k = 0.02369
O) k-= 0.02330
w k = 0.02366
(5) k = 0.02303
(6) k = 0.02371
(7) k = 0.02309
The standard error in these k values was typically of the order of 0.1 per cent.
The values of the first constant in the above equation denote only 
the accuracy with which the cell was zeroed before each run, and were therefore 
not calculated. It was noted however that a large amount of hysteresis was 
present during the high pressure work, and that re-zeroing of the cell between 
tests was always necessary.
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These results indicate that the gain’ of this d/p cell decreases as 
the static pressure is increased, the effect amounting to some 3 per cent at 
100 atmospheres. One cannot, therefore, use an atmospheric calibration to 
calculate results obtained at high pressure. Consequently, the values of k 
used for the initial study described in Chapter 6 of this thesis were those 
determined at the appropriate static pressures.
As has been stated earlier, the d/p cell was subsequently replaced 
by a high pressure water-in-glass manometer which was used for the work 
described in Chapter J.
(b) Calibration of the'McAfee Gauges
Two gauges of different volumes were used for the work, the larger, 
which had a nominal volume (between the calibration marks) of 500 ml, was 
calibrated in the following manner:-
The gauge, with the bottom side-arm sealed off, was filled with gas 
oil to the lower calibration mark. More gas oil was run in from a burette 
until the level reached the upper calibration mark, at which point the burette 
reading was noted. The volume of oil between the calibration marks was then 
drained off into a measuring cylinder. This procedure was repeated a total 
of 15 times, yielding two sets, each of 15 readings, which were analysed 
separately. It was found that there was no statistically significant difference 
between the means of the two sets, and it was thus concluded that the total of 
50 ’filling* and ’draining’ results could be analysed jointly. The results of 
this joint analysis was that the volume of the larger McAfee was 509*1 ml* 
the standard deviation (to 95 per cent confidence) being 0 .17 per cent.
The smaller McAfee was then calibrated in a similar manner, the 
result being that the volume was 55*^ - ml, with a standard deviation of 
0.10 per cent.
li|6.
Since the gauges were to be used at pressures above atmospheric, 
calculations were made to determine whether they would deform and hence 
change their volume significantly under pressure. These calculations showed 
that, at 100 atmospheres, the deformation would produce a volume increase of 
only 0.001 per cent. This could safely be ignored, as could any volume change 
due to ambient temperature variation.
The two values quoted earlier were thus used throughout the 
experimental work.
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TABLE II 1
DIMENSIONS OP SINGLE-BEVEL PLATES
Plate
No.*
Diameter
d
(mm)
Bevel
Angle
e°
Axial Length 
& (mm)
Parallel 
Portion 
Length x 
(mm)
C2 .51^ ■ 106 .28 (none visible)
03 .525 10U .29 ( " )
c^ • 5^1 96 .28 ( " )
L9 .503 89 • 53 .057
L15 .503 93.5 .21 .070
Ll6 .502 90.5 .21 .058
L56 .501 88 • 97 .175
L69 •503 86 •77 .08^
L71 .508 106 .36 .060
Sll .513 85 .26 .023
S25 .508 85 .28 .028
S39 .511 88 .28 .030
Shi .513 88 .28 .0^2
* Note: the significance of the numbering system is as follows.
Plates with numbers prefixed by C contain jewels from 
the original batch used to make the type C plates 
described in Chapter 6. The remainder employ jewels 
supplied by manufacturers whose initial letters are 
L and S. These were numbered on receipt, and suitable 
jewels were then selected by the transmission microscopy 
technique described in Chapter k.
1^9.
PLATE C4 > HYDROGEN FLOW 
O R I F I C E  DIAMETER =
P I P E  DIAMETER =
DI AMETER RATIO
TEMPERATURE 2 4
NOMINAL PRESSURE = 2 1 4
NOMINAL DENSITY =
V I SCOSI TY 89
PC PSI  G) TC SEC) HCMMWG)
199 . 3 2 0 .  1 1 5 1 3 .  0
199 . 3 2 0 .  0 4 5 2 0 .  0
1 99 .  3 1 9 . 9  5 5 2 2 .  0
19 9 . 4 2 0 .  0 3 5 2 2 .  0
199*  4 1 9 . 9 2 5 2 2 .  5
2 0 0 .  4 41 . 33 1 2 1 * 2
2 0 0 .  4 41 . 18 1 2 1 . 1
2 0 0 .  3 41 . 39 1 2 1 . 1
■200. 3 41 . 28 1 2 1 . 0
2 0 0 .  3 41 . 30 1 2 1 . 1
1 9 9 . 0 6 6 . 6 2 4 6 .  1
1 9 9 . 0 6 6 .  54 4 6 . 7
199 .  0 6 6 .  52 4 6 . 8
199 . 0 66 .  46 '46 .8
199 .  0 6 6 .  54 4 6 * 9
2 0 0 .  2 5 3 . 8 3 70 .  2
2 0 0 .  2 5 3 . 8 3 7 0 . 9
2 0 0 .  2 5 3 . 8 3 7 0 . 9
2 0 0 .  2 5 3 .  76 7 1 . 0
' 2 0 0 . 2 53 .  78 7 1 . 1
1 9 9 .  7 1 4.  18 1 0 3 5 .  0
199 . 7 1 4 .  19 1 0 3 6 .  0
199 .  8 1 4 .  19 1 0 3 7 . 0
1 9 9 . 8 1 4.  1 5 1 0 3 7 . 0
1 9 9 . 9 1 4.  21 1 0 3 8 . 0
1 9 9 .  7 2 9 . 3 2 2 4 0 .  3
1 9 9 . 7 2 9 .  30 2 4 0 . 4
199 .  7 2 9 .  31 2 4 0 * 8
1 99 .  7 2 9 . 2 7 2 4 0 . 9
199 .  7 2 9 . 2 7 2 4 0 . 9
STANDARD DEVI ATI  ON OF MEAN
CD = . 7 3 0 6  +OR-  .
0 5 41 CM.
5 51 CM *
09 8 1 
5 C
7 P S I A  
0 0 1 1 9 6  G/CC.
8 MICRO POISE
REC P) RECO) CD
469 . 8 4 7 8 7 . . 723 4
471 . 4 4 3 0 4 . . 7 2 6 0
4 7 3 .  5 4 8 2 5 . . 7 27 9
47 1 . 8 43 08 . . 7 2 5 2
4 7 4 . 5 43 3 5 . . 7 288
2 3 0 .  4 2 3 4 7 . . 7 3 2 0
2 3 1 . 2 2 3 5 6 . . 7 349
2 2 9 .  9 2 3 4 3 . . 7 3 1 0
2 3 0 . 5 2 349 . ‘ . 7 3 3 3
2 3 0 .  4 2 3 4 8 . . 7 3 2 6
1 4 2 . 0 1 4 4 3 . . 7341
1 4 2 .  2 1 4 4 9 . . 7 3 0 2
1 4 2 .  3 1 4 5 0 . . 729 7
1 4 2 .  4 1 451 . . 7 3 0 3
1 4 2 .  2 1 449 . . 728  6
1 7 6 - 8 18 0 1 . . 7 3 3 2
1 7 6 . 8 1801 . . 7 3 4 6
1 7 6 . 8 1 8 0 1 . . 7 3 4 6
1 77 .  0 1 8 0 4 . . 7 3 5 0
1 7 6 . 9 1 8 0 3 . . 7 3 4 2
6 6 5 .  2 6 7 7 8 . . 72  68
6 6 4 .  7 6 7 7 4 . . 7 2 5 9
6 6 5 .  0 6 7 7 7 . . 7 258
6 6 6 . 9 679 6. . 7 278
6 6 4 . 4 67 7 0 . . 7 2 4 6
3 2 3 .  4 329 6. . 7 3 1 3
3 2 3 .  6 3 2 9 8 . . 731 7
3 2 3 .  5 3 2 9 7 . . 7 308
3 2 4 .  0 3301 . . 7 3 1  6
3 2 4 .  0 3301 . . 7 3 1 6
CD = +OR- . 0 0 3 4
PER CENT.
PLATE C4 , HYDROGEN FLOW
O R I F I C E  DIAMETER = 
PI p f  DIAMETER = 
DIAMETER RATIO = 
TEM PERATURE 
NOMINAL PRESSURE = 
NOMINAL DENSITY = 
VI SCOSI TY
. 0 5 4 1  CM.
. 5 5 1  CM.
. 098 1 
2 3 .  0 C 
2 1 4 . 7  PSI A
. 0 0  1202 G/CC.  
8 8 . 6  MICROPQISE
PC PSI G) TC SEC) 4CMM 'J G) REC P) REC 0) CD
20 1 0 30 23 229 5 321 5 327 6. . 7 2 9 6
201 0 30 09 2 32 0 323 0 329 1 . . 7 29 0
201 0 30 01 2 3 3 0 323 3 3 3 0 0 . . 7 2 9 4
201 0 29 88 2 3 4 0 32 5 3 3 3 1 5 . . 7 3 1 3
201 0 29 8 3 2 3 4 0 325 8 3 3 2 0 . . 7 3 2 2
199 7 51 5 5 73 9 137 6 19 12. . 7279
199 7 51 40 79 0 138 1 19 17. . 7 2 9 5
199 7 51 33 79 0 188 4 1 9 2 0 . . 7 3 0 5
199 7 51 31 78 9 1 8.8 5 1 92 0 . . 7 3 1 3
199 7 51 43 78 9 183 0 1 91 6 . . 7 29 6
2 00 8 1 4 03 1075 0 633 2 701 3. . 7241
200 9 1 4 02 107 6 0 639 0 7 0 2 2 . . 7 2 4 5
2 00 9 13 98 1077 0 69 1 0 7 0 4 2 . . 7 2 6 2
201 0 1 3 9 1 1077 0 69 4 8 7 0 3 0 . . 7 3 00
201 0 ' 1 4 02 1078 0 639 3 7 0 2 5 . . 7 2 4 0
2.00 3 68 62 45 0 1 41 3 1 4 4 0 . . 7251
2 0 0 2 65 50 45 1 1 41 5 1 4 4 2 . . 7 2 5 4
2 0 0 1 68 56 45 2 141 3 1 4 4 0 . . 7 23 3
2 0 0 1 68 52 45 3 1 41 4 1 441 . . 7 2 3 4
2 0 0 1 68 55 45 1 1 41 4 1 441 . . 72  47
199 6 41 69 1 20 4 231 3 2 3 6 2 . . 7 2 3 3
199 6 41 63 120 2 2 32. 1 2 3 6 5 . . 7 3 0 0
199 6 41 70 1 20 3 231 7 2361  . . 7 2 8 4
199 6 41 73 1 20 6 231 6 2 3 6 0 . . 7 2 7 0
199 6 41 62 1 20 6 2 3 2 2 2 3 6 6 . . 7 289
2 00 0 19 19 5 73 0 503 0 • 5 1 2 5 . . 7 24 9
2 0 0 0 19 09 . 5 72 0 50 5 6 5 1 5 2 . . 7 29 4
2 00 0 19 19 ' 5 73 5 503 0 5 1 2 5 . . 7 2 4 6
2 0 0 0 19 10 573 0 505 3 51 50 . . 7 23 3
2 0 0 0 19 1 1 573 0. 505 1 51 4 7 . . 7 2 3 0
STANDARD DEVI A T I ON OF MEAN CD = + OR-  
CD = . 7 2 7 6  +OR-  . 3 5 6  PER CENT.
. 0026
PLATE C4 , NITROGEN FLOW
O R I F I C E  DIAMETER — » 0 5 41 CM •
P I P E  DI-AM ETER — • 551 CM.
DI AM ETER RATI 0 093 1
TEMPERATURE 16. 3 C
nomi nal  p r e s s u r e 1 4 6 4 . 7 PSI  A
NOMINAL DENSITY — • 117 600 G/CC.
VI SCO SI TY 19 6. 0 MI CROPOI SE
PC PSI  G) T ( SEC) KC MM WG) REC P) RECO) CD
145 6 . 0 59 . 26 2 1 0 . 0 1 3 0 1 .  1 1 32.59 . « 7 3 2 5
1 456*  0 59 . 46 209 . 0 1 2 9 6 .  7 1 321 4. • 7 313
1 4 5 7 . 0 59 . 8 6 2 0 7  . 2 1289 . 0 1 3 1 3 5 . ♦ 7 3 0 3
1 4 5 8 . 0 6 0 .  0 5 2 0 5 .  5 128 5.  7 1 3 1 0 2 . • 731 3
1 4 5 5 .  0 4 1 . 5 4 4 3 3 .  0 13 54 .  5 1 3 3 9 3 . • 7 2 7 4
1 4 5 6 .  0 41 . 79 429 . 5 18 4 4 .  7 18 7 9 3 .  . • 72 62
1 4 5 6 . 0 41 . 67 4 2 7 .  1 13 50 .  0 138 5 2 . • 7 3 0 4
1 4 5 7 . 0 4 1 . 8 0 4 2 5 .  3 18 45 .  5 138 0 7 . • 7 29 9
1 458 . 0 1 2 2 . 5 4 49 . 4 6 3 0 .  2 6 4 2 2 . ' ♦ 73 10
1 4 5 7 . 0 1 2 1 . 49 50 . ' 0 6 3 5 .  2 6 4 7 3 . • 7 3 2 6
1 4 5 6 . 0 1 2 1 . 0 1 5 0 .  4 6 3 7 .  3 6 49 4. + 7 3 2 3
145 5 . 0 1 2 0 . 5 3 5 0 . 4 639 . 4 6 5 1 5 . • 7 349
1 4 4 3 . 0 8 8 .  1 5 9 4 . 0 3 6 7 .  0 83 36 . • 7 3 2 4
1 4 4 4 .  0 8 8*  1 3 9 3 . 3 3 6 7 . 3 33 44. • 7 3 3 6
1 4 4 4 . 0 8 8*  12 9 3.  7 8 6 7 . 9 83 45. • 7341
1 4 4 4 . 0 8 8 .  07 9 3 .  6 8 63 .  4 38 50 . • 7 3 49
1 4 5 1 . 0 2 5 . 9 7 1 1 2 1 . 0 29 5 6 . 5 3 0 1 2 9 . • 721 7
1 4 5 1 . 0 2 5 . 9 5 1 1 1 8 . 0 29 53 . 3 3 0 1 5 2 . • 7 2 3 3
1 4 5 2 . 0 2 5 .  73 1 1 1 6 . 0 29 8 6.  2 30 431 . • 7 3 0 4
1 4 5 2 . 0 2 5 .  72 1 1 1 5 . 0 29 3 7.  3 3 0 4 4 2 . • 7 3 1 0
1 4 5 7 . 0 34 .  05 6 4 0 .  0 2 2 6 5 .  1 2 3 0 3  3. « 7 30 4
1 4 5 7 . 0 33 .  9 6 639 . 0 2 2 7 1 . 1 2 3 1 4 4 . • 7 329
1 4 5 7 . 0 3 3 . 9 7 6 4 0 .  0 2 2 7 0 . 5 2 3 1 3 7 . • 732 1
1 4 5 7 . 0 3 4 .  09 640« 0 2 2 6 2 .  5 2 3 0 5 6 . • 7 29 5
STANDARD D EVI A T I ON OF MEAN CD = + OR- • 0 0 3 3
CD = . 7 3 0 7  + OR- . 447 PER CENT.
152.
PLATE C4 , NITROGEN FLOW
ORI FI  CE DIAMETER 0 5 41 CM •
P I P E  DIAMETER ~ • 551 CM.
DI AM'ETER RATIO ZZ * 098 1
TEMPERATURE 19. 8 C
NOMINAL PRESSURE 1 4 6 4 . 7 PSI  A
NOMINAL DEN SI TY 1 1 6 1 0 0 G/ CC.
VI SCO SI TY = 197 . 0 MICRO POISE
PC PSI  G) T ( SEC) H(MMWG) REC P) RECO) CD
1 4 5 0 . 0 6 4 .  42 1 7 6 .  0 1 1 7 0 . 9 1 1 9 3 2 . . 7 3 1 2
1 4 5 0 . 0 6 4 .  25 1 7 5 . 0 1 1 7 4 .  0 1 19 6 3 . . 7 3 5 2
1 4 5 0 . 0 64 . 8 . 0 1 7 3 .  2 1 1 64 .  0 1 18 62 .  • . 7 3 2 7
1 4 5 0 . 0 6 5 . 0 1 1 7 2 .  0 1 1 6 0 . 2 1 1 8 2 3 . . 7 329
1 4 4 7 . 0 2 4 . 9  6 1 1 7 8 . 0 3 0 1 3 . 1 3 0 7 0 5 . . 7 2 8 2
1 4 4 8 .  0 2 5 .  15 1 1 7 3 . 0 2 9 9 2 .  4 30 49 4. . 7 2 4 6
1 4 4 8 . 0 2 4 . 9  6 1 1 6 7 . 0 3 0 1 5 . 2 3 0 7 2 7 . . 7 3 2 0
1 4 4 9 . 0 2 5 .  1 6 1 1 6 0 . 0 29 9 3 .  3 3 0 5 0 4 . . 7 28 6
1 4 4 5 .  0 1 1 1 . 2 0 5 9 . 0 67 6.  1 6 8 8 9 . . 7 3 0 2
1 4 4 5 .  0 1 1 0 . 2 0 59 .  6 68 2 .  2 69 5 2 . . 7331
1 4 4 4 .  0 1 0 9 . 7 0 6 0 .  0 6 8 4 . 8 69 7 9 . . 7 3 3 7
1 4 4 4 .  0 1 0 9 .  10 6 0 . 9 6 8 8 .  6 701 7 . . 7 3 2 3
1 4 5 2 . 0 4 2 . 8  3 4 0 3 .  0 1 7 6 3 .  1 1 79 67. . 7 2 7 3
1 4 5 3 . 0 4 2 .  50 4 0 3 .  5 1 7 7 8 . 1 18 1 19. . 7 3 2 7
1 4 5 3 .  0 4 2 .  44 4 0 2 .  0 1 78 0 . 6 18 1 4 5 . . 7351
1 4 5 3 . 0 4 3 . 0 8 3 9 9 .  5 1 7 5 4 .  1 1 7 8 7 5 . . 7 2 6 5
STANDARD DEVI AT I ON OF MEAN CD = +OR-  
CD = . 7 3 1  +OR-  . 4 3 1  PER CENT.
.0032
PLATE C4 > NITROGEN FLOW. ,  50 D ENTRANCE
ORI FI  CE DI AMETER = e 0 5 41 CM•
P I P E  DIAMETER • 551 CM.
DI AMETER RATIO * 098 1
TEMPERATURE = 2 4 . 0 C
NOMINAL PRESSURE = 1 4 6 4 . 7 P S I A
NOMINAL DENSITY = ♦ 1 1 4 0 0 0 G/CC.
V I SCOS I TY  = 198 . 5 MI CROPOI SE
P( PSI  G) TC SEC) KCMMWG) REC P) RECO)
14 5 4 .  0 3 3 .  1 1 39 3 . 0 1 7 1 2 . 4 1 7 4 5 0 .
1 4 5 5 .  0 3 3 .  36 38 2 . 0 1 7 0 0 . 7 1 7 3 3 1 .
1 4 5 4 . 0 3 3 . 2 5 38 3 .  5 1 7 0 5 .  2 1 7 3 7 6 .
1 4 5 3 *  0 3 1 . 9  4 4 1 5 .  5 1 7 7 3 . 8 1 8 0 7 6 .
1 4 5 2 . 0 3 0 .  19 451 . 0 1 8 7 5 .  3 19 1 1 1 .
1 4 7 3 . 0 6 5 . 4 3 1.00. 4 8 7 7 . 9 89 4 7 .
1 4 7 2 . 0 6 5 .  32 1 0 1 . 8 8 7 8 . 8 8 9 5 6 .
1 4 7 2 . 0 6 5 .  14 1 0 2 . 2 88  1. 3 8 9 8 0 .
14 7 2 . 0 6 5 . 8 0 1 02 .  0 8 7 2 .  4 8 8 9 0 .
1 4 7 2 - 0 6 6 » 0 4 1 0 2 .  0 8 69 .  3 88  5 8 .
14 5 7 . 0 4 0 .  00 2 5 7 .  0 1 4 2 0 . 5 1 4 4 7 5 .
14 5 7 . 0 4 0 « 2 4 2 6 1 .  5 1 4 1 2 . 0 1 4 3 8 9 .
1 4 5 8 .  0 4 0 .  44 2 5 8 .  0 1 4 0 6 .  0 1 4 3 2 7 .
14 5 8 . 0 4 0 .  55 2 5 7 .  3 14 0 2 . 2 1 4 2 8 9 .
1 4 5 9 . 0 4 1 . 1 7 2 5 6 .  5 1 3 8 2 .  0 1 408 3 .
1 4 5 8 .  0 1 9 . 29 , 1 1 3 1 . 0 29 4 5 .  3 3 0 0 1 4 .
14 60 .  0 19. 27 1 1 1 3 . 0 29 5 2 . 4 3 0 0 8 7 .
1 4 6 2 . 0 19 .  62 1 0 9 2 . 0 2 9 0 3 .  7 29 5 9 0 .
1 4 6 4 .  0 1 9 . 7 1 1 0 8 3 .  0 28 9 4.  4 29 49 5 .
1 4 6 5 .  0 19 .  67 1 0 7 5 . 0 2 9 0 2 .  3 29 57 6.
1 4 6 6 .  0 1 9 . 9 0 1 0 7 0 . 5 28 7 0 .  7 2 9 2 5 4 .
1 4 4 8 . 0 8 6 . 9 3 5 5 . 0 6 4 9 .  7 6 6 2 1 .
1 4 4 8 .  0 8 8 .  02 5 5 . 0 641 . 7 6 5 3 9 .
1 4 4 9 . 0 8 7 .  78 5 5 .  4 6 4 3 . 9 6 5 6 1 .
1 4 4 9 .  0 8 8 .  00 5 6 .  4 6 4 2 .  3 6 5 4 5 .
1 4 4 9 .  0 8 7 .  15 5 7 .  0 6 4 3 .  5 6 6 0 9 .
1 4 5 1 . 0 8 7 . 8 8 5 6 .  2 6 4 4 .  0 6 5 6 3 .
1 4 3 1 . 0 2 6 . 8 8 5 6 7 .  5 2 0 7 5 . 9 21 1 54 .
1 4 3 2 . 0 2 7 .  07 5 6 3 .  0 2 0 6 2 . 7 2 1 0 2 0 .
1 4 3 2 . 0 2 7 . 1 2 5 6 2 .  0 20  5 8 . 9 2 0 9 8 2 .
1 4 3 3 . 0 2 7 .  04 5 6 3 .  5 2 0 6 6 .  5 2 1 0 5 8 .
1 4 3 4 . 0 2 7 .  03 5 5 7 . 0 20  6 8 .  7 2 1 0 8  1 .
1 4 3 4 . 0 2 7 .  37 5 5 4 . 0 2 0 4 3 .  0 208  19.
STANDARD DEVI ATI  ON OF MEAN CD = +OR-
CD = . 7 3 2 5 + OR- . 9  23 PER CENT.
15b.
CD 
. 7 2 6 0  
. 731 1 
. 7 31 8  
. 7 3 1 6  
. 7  427  
. 7 3 2 3  
. 728  2 
. 7 2 8 8  
. 7221  
. 7 1 9 5  
. 7 4 4 0  
. 7 3 3 2  
. 7  343  
. 7 333  
. 7 241  
. 7 3 5 4  
. 7 4 2 7  
. 7 3 7 0  
. 7 3 7 3  
. 7 4 1 8  
. 7 3 5 0  
. 7 3 7 6  
.  7 28  5 
. 728  1 
. 7 198  
. 7 2 3 0  
. 7 2 2 6  
. 7 3 7 5  
. 7 3 5 6  
. 7 343  
. 7 3 6 3  
. 7 4 1 2  
. 7 33 9
• 00 68
PLATE S l l  , HYDROGEN FLOW.
O R I F I C E  DIAMETER = . 0 5 1 3  CM.
P I P E  DIAMETER = . 5 5 1  CM *
DIAMETER RATIO = . 0 9  3
TEMPERATURE = 20 . 5  C
NOMINAL PRESSURE
C\]1! . 7  PS I A
NOMINAL DENSITY . 0 0 1 2 1 2  G/cc.
VI SCOSI TY 88 . 2  MICROPOISE
P CPS I G ) TCSEC) HCMMWG) RECP ) RECO) CD
2 00  . 4 53 . 9 4 79 . 9 1 8 2 . 2 1959 . . 7 732
2 00  «4 53 . 8 3 7 9 . 9 1 82 . 6 1 9 63 . . 7 7 4 8
2 0 0 . 4 5 3 .  79 79 . 9 1 8 2 .  7 1 9 6 4 . . 7 7 5 4
2 0 0  . 4 5 3 . 7 7 80 . 0 1 8 2 . 8 1 9 6 5 . . 7752
2 00  . 4 53 . 8 3 8 0 * 0 1 82 . 6 1 9 63  . . 7743
201 . 1 1 8 . 5 9 682 . 0 528  . 3 5679  . . 7 6 7 7
20 1 . 1 1 8 . 6 7 6 8 2 .  5 52 6 . 0 5 6 5 4 . . 7 642
201 . 1 1 8 . 6 4 683 . 0 5 2 6 . 9 5 6 6 3 .  • . 7651
201 . 2 1 8 . 64 683 . 0 5 2 7 .  1 5 6 66* . 7 653
20 1 . 2 1 8 . 6 7 6 8 3 . 0 5 2 6 . 3 5 6 5 7 . . 7 6 4 0
1 99 . 4 68 »0 6 50 . 0 1 43 . 8 1 5 4 5 . . 7 729
1 99 . 3 6 7 . 8 4 50 . 1 1 4 4 . 2 1 5 50 . . 7 7 4 5
1 9 9 . 3 6 7 . 9 5 50 . 1 1 4 3 . 9 1 5 4 7 . . 7 732
1 9 9 . 3 68 . 0 0 50 . 1 1 43 . 8 1 5 4 6 . . 7 7 2 6
1 99 . 3 6 7 . 9 9 50 . 0 1 4 3 . 8 1 5 4 6 . . 7 7 3 5
2 0 0  . 4 3 7 . 2 4 1 6 7 . 3 2 6 3  . 8 2 8 3 5 * . 7 73 8
2 0 0  . 4 3 7 . 2 6 1 6 7 .  5 2 6 3  . 6 2 8 3 4 . . 7 7 2 9
2 0 0  . 4 3 7 .  1 1 1 6 7 . 7 2 6 4 .  7 2 8 4 5 . . 7 7 5 5
2 0 0  . 4 3 7 . 2 2 1 6 7 . 8 2 6 3 . 9 2 8 3 7 . . 7730
2 00  . 4 3 7 . 2 0 1 6 7 . 9 2 6 4 . 0 2 8 3 8 . . 773 2
2 00  . 0 2 6 . 5 6 331 . 0 3 6 8 .  7 3 9 6 4 . . 7 70 2
2 00  . 0 2 6 .  49 331 . 3 3 6 9 .  7 3 9 7 4 . . 7 71 9
2 0 0  . 0 2 6 .  55 331 . 3 3 6 8 . 9 3 9 6 5 . . 7 7 0 1
2 0 0  . 0 2 6 . 5 5 331 . 5 3 6 8 . 9 3 9 6 5 . . 7 699
2 0 0 . 0 2 6 . 4 9 331 . 5 369  . 7 3 9 7 4 . . 7 7 1  6
2 0 0  . 0 1 4 . 4 0 114 6 . 0 6 7 6 .  4 7271 . . 761 5
2 00  . 0 1 4 . 3 7 1 1 4 7 . 0 6 7 7 . 8 7 2 8 6 . . 7 6 2 8
2 0 0 . 0 1 4 . 4 1 1 1 4 6 . 0 6 7 6 . 0 7 2 6 6 * . 7 6 1 0
2 0 0 . 0 1 4 . 4 3 1 1 4 6 . 5 6 7 5 . 0 7 2 5 6 . . 7 5 9 8
2 0 0  . 0 1 4 . 4 0 1 1 4 7 . 0 6 7 6 * 4 7271 . . 7 6 1 2
STANDARD D E V I A T I ON  OF MEAN CD = +OR-  
CD = . 7 6 9 8  +OR- . 6 6 1  PER CENT.
.0051
PLATE SI 1  ^ HYDROGEN PLOW 
O R I F I C E  DIAMETER = . 0 5 1 3  CM.
P I P E  DIAMETER = . 5 5 1  CM.
DIAMETER RATIO = . 0 9  3
TEMPERATURE = 2 2 . 0  C
NOMINAL PRESSURE = 2 1 4 . 7 PSI  A
NOMINAL DENSITY = • 0 0 1 2 0  6 G/CC.
V I SCOSI TY 8 8 . 4 MICRO POISE
PC PSI  G) TC SEC) HCMMWG) REC P) RECO)
1 99 .  3 1 4.  79 109 7 . 0 6 5 1 . 9 7 0 0 7 .
199 . 4 1 4.  60 1 105 .  0 6 60» 6 7 101 .
199 . 6 1 4.  60 1 1 0 8 . 0 6 6 1 .  2 7 1 03 .
199 .  5 1 4.  61 1 106 .  0 6 6 0 .  5 7 1 0 0 .
1 9 9 .  5 1 4.  63 1 1 1 0 . 0 6 5 9 .  6 7 0 9 0 .
2 0 0 . 8 5 1 . 1 3 89 . 2 19 1. 2 2 0 5 5 .
2 0 0 . 8 5 1 . 0 1 8 9 .  2 ■ 19 1 . 6 2 0 6 0 .
2 0 0 . 8 51 . 05 8 9 .  3 19 1 . 5 2 0 5 8 .
2 0 0 . 9 5 0 . 9  5 8 9 .  3 19 1 . 9 2 0 6 3 .
2 0 0 . 9 5 1 .  02 8 9 .  4 19 1 . 7 2 0 6 0 .
2 0 0 .  6 68 .  1 5 5 0 .  5 1 43 .  3 1 541 .
2 0 0 .  5 6 7 . 9 8 5 0 . 8 1 4 3 .  6 1 5 4 4 .
2 0 0 .  5 68 .  0 1 5 1 . 0 1 4 3 .  6 1 5 4 3 .
2 0 0 .  5 6 7 . 9 8 5 1 .  1 1 4 3 .  6 1 5 4 4 .
2 0 0 .  5 6 7 . 9  6 5 1 . 0 1 4 3 .  7 1 5 4 4 .
2 0 0 .  2 4 0 .  33 1 42 .  9 241 . 6 2 5 9 7 .
2 0 0 .  2 4 0 .  1 1 1 4 3 .  0 2 4 2 . 9 261 1.
2 0 0 .  2 4 0 .  33 1 4 3 .  0 2 4 1 . 6 2 5 9 7 .
2 0 0 .  2 4 0 .  1 5 143 .  1 2 4 2 .  7 260 9  .
2 0 0 .  2 4 0 .  1 7 1 4 3 .  2 2 4 2 .  6 2 6 0 7 .
1 9 8 . 6 19 . 52 6 1 6 .  0 49 3 . 9 5 3 0 9 .
1 9 8 .  6 19 .  53 6 1 6 .  0 49 3 .  6 5 3 0 6 .
1 98 .  6 19.  39 61 6.  0 4 9 7 .  2 5 3 4 4 .
1 98 .  6 19 .  49 61 6 . 0 49 4.  6 531 7 .
1 9 8 .  6 19 .  46 61 6.  3 49 5.  4 5 3 2 5 .
2 0 0 . 8 3 0 .  66 2 4 7 .  0 3 1 8 . 5 3 4 2 3 .
2 0 0 * 8 3 0 .  69 2 47  . 0 3 1 8 . 1 3 4 2 0 .
2 0 0 .  7 3 0 . 6 9 2 4 7 .  0 3 1 8 . 0 3 4 1 8 .
2 0 0 .  7 3 0 .  77 2 4 7 . 0 3 1 7 . 2 3409  .
2 0 0 .  7 3 0 .  70 2 4 7 .  2 3 1 7 . 9 341 7 .
STANDARD> DEVIATI ON OF MEAN CD = +OR-
CD = . 7 68 4 + OR- . 6 4 7 PER CENT.
CD 
. 7 5 5 5  
. 7 6 2 7  
. 7 6 2 0  
. 7 620  
. 7 59 6 
. 7 7 1 4  
. 7 7 3 3  
. 7 7 2 2  
. 77 39 
. 7 7 2 4  . 7690 
. 768  4 
. 7 6 6 6  
. 7 6 6 2  
. 7671  
. 7 7 1 5  
. 7 7 5 5  
. 7 7  12 
. 7 7 4 4  
. 7 738  
. 7 6 3 7  
. 7 6 3 4  
. 7 689  
. 7  649  
. 7 659  
. 7 7 2 7  
. 7 7 2 0  
. 7 718  
. 7  698  
. 7 7 1 2
. 0 0 5
156.
PLATE S l l  ,  NITROGEN FLOW
O R I F I C E DIAMETER = . 0  513  CM •
P I P E  DIAMETER = . 5 5 1  CM.
DIAMETER RATIO = . 0 9 3
TEMPERATURE 1 8 . 3  C
NOMINAL PRESSURE 1 4 6 4 . 7  PS IA
NOMINAL DENSITY =: . 1 1 6 8 0 0 G/CC.
V ISC O S I TY 196 . 0  MICROPOISE
P ( P S I G ) TCSEC) HCMMWG) RE CP ) RE CO) CD
1 4 3 5 . 0 3 6 .  1 9 6 4 4 .  5 20 8 5 . 0 2 2 4 1 2 . . 7  540
1 4 3 5 . 0 3 6 . 2 5 641 . 0 2 0 8 1 . 6 2 2 3  7 5 . . 7 54 8
1 4 3 5 . 0 3 6 . 4 4 6 3 6 . 5 20 70 . 7 2 2 2 5 9 . . 7 5 3 5
1 4 3 5 . 0 3 6 . 4 7 6 3 2 . 0 20 69 . 0 2 2 2 4 0 . . 7 5 5 6
1442  . 0 1 2 5 . 0 6 53 . 2 60 6 . 6 6520  . . 7 6 1 8
1 4 4 2 . 0 1 2 4 . 2 3 5 3 . 2 6 1 0 . 6 6 5 6 4 . . 7 66 8
144L . 0 1 2 4 . 3 5 5 3 . 3 6 1 0 . 1 6 5 5 8 . . . 7 6 5 4
1 4 4 2 . 0 12 4 . 5 8 5 3 . 2 608  . 9 6 5 4 5 . . 7 6 47
1 4 5 7 . 0 6 5 . 9 8 1 9 6 . 5 1 1 6 1 . 4 1 2 4 8 5 . . 7 5 5 6
14 5 7 . 0 6 5 . 8 0 1 9 5 . 2 1 1 6 4 . 6 1 2 5 1 9 . . 760 1
1 4 5 7 . 0 6 5 . 8 9 1 9 5 . 0 1 1 6 3 . 0 1 2 5 0 2 . . 7 5 9 5
1 4 5 7 . 0 6 5 .  78 1 9 4 .  6 1 1 6 5 . 0 1 2 5 2 3 . . 761 5
1 4 4 5 . 0 4 8 . 3 0 3 6 7 . 0 1 5 73 . 4 169 1 3 . . 7 5 1  7
1 4 4 5 . 0 4 8 . 2 0 3 6 5 . 5 1 5 7 6 . 7 169 4 8 . . 7 5 4 8
1 4 4 5 . 0 48 . 0  7 3 6 5 . 2 1581 . 0 1699  4 . . 7571
1 4 4 5 . 0 4 8 .  1 7 3 6 5 . 2 1 5 7 7 . 7 1 69 59 . . 7 5 5 6
1 4 4 4 . 0 2 8 . 4 4 1 0 70 . 0 2 6 6 8 .  7 2 8 6 8 6 . . 74 71
1 4 4 4 . 0 2 8 . 2 9 10 70 . 0 2 6 8 2  . 9 2 8 8 3 8 . . 7 5 1  1
1 4 4 5 . 0 2 8 . 3 0 1 0 6 8 . 0 2 6 8 3 . 8 2 8 8 4 8 . . 7 5 1 8
1 4 4 5 . 0 2 8 .  67 1 0 6 5 . 0 2 6 4 9  . 1 2 8 4  7 6 . . 7431
1440  . 0 8 8 . 2 1 1 0 6 . 9 8 5 8 . 8 9231  . . 7 6 1 2
1440  . 0 8 7 . 8 4 1 0 8 . 4 8 6 2 . 4 92 70 . . 7591
1440  . 0 8 6 . 8 2 1 0 9 . 5 8 7 2 . 5 93 79 . . 7642.
1440  . 0 8 6 .  60 10 9 . 6 8 7 4 .  7 9 4 0 3  . . 7 6 5 8
STANDARD D E V IA T I ON  OF MEAN CD = +OR- . 0 0 6 1
CD = . 7573 +OR-  . 8 0 4  PER CENT.
157.
PLATE SI  I > NITROGEN PLOW 
ORI PI  CE DI AMETER =
P I P E  DIAMETER
DI AMETER RATIO =
TEMPERATURE 1
NOMINAL PRESSURE = 146
NOMINAL DENSITY =
VI SCO SI TY 19
PC PSI  G) TCSEC) HCMMWG>
1 4 4 1 . 0 3 5 . 8 0 6 7 8 .  0
1 4 4 2 . 0 3 6 .  07 6 6 8 .  5
1 4 4 3 . 0 3 6 .  27 6 5 9 .  0
1 4 4 4 . 0 3 6 * 6 5 651 • 0
1 4 4 5 . 0 3 6 .  58 6 4 6 ® 0
1 4 5 8 . 0 6 2 .  64 2 2 0 . 8
1 4 5 8 . 0 62 .  50 2 2 1 .  3
14 5 8 . 0 6 2 .  46 221 . 2
1 4 53 . 0 6 2 .  41 2 2 1 .  2
1 4 5 8 .  0 62 .  33 2 2 1 .  1
1 4 5 4 . 0 1 1 5.  41 63 .  0
1 4 5 2 . 0 1 1 5 . 2 0 6 3 .  7
1 4 5 2 . 0 1 1 4 . 8 6 6 3 . 8
1 4 5 2 . 0 1 1 4.  63 6 3 . 9
1 4 5 2 . 0 1 1 4 . 6 3 6 3 . 9
1 4 4 5 .  0 8 6.  75 11 2 .  3
1 4 4 5 . 0 8 6.  58 1 1 2 .  3
1 4 4 5 .  0 8 6.  64 1 12 .  1
1 4 4 5 . 0 8 6.  50 1 12.  1
1 4 4 5 .  0 8 6.  62 1 12 .  1
1 458 . 0 2 8 .  25 1 1 2 1 . 0
1 4 5 8 .  0 2 8 .  1 5 1 1 1 9 . 0
1 4 5 9 . 0 2 8 .  19 1 1 1 5 . 0
1 4 5 9 .  0 2 8 .  18 1 1 1 5 . 0
1 4 5 9 . 0 2 7 . 9 5 1 1 1 3 . 0
STANDARD DEVI AT I ON OF MEAN 
CD = ♦ 7 53 + OR- . 9 6
50 D ENTRANCE 
0 5 1 3  CM.
551 CM.
09 3
0 C
7 P S I A
1 1 68 40 G/CC.
5 MICRO POISE
REC P) RECO) CD
2 1 1 1 . 8 2 2 7 0 0 . . 7 458
209 7 . 4 2 2 5 4 5 * . 7 4 5 7
2 0 8 7 .  3 2 2 4 3 7 . . 7 4 7 2
2 0 6 7 . 1 2 2 2 1 9 . . 7 4 4 3
2 0 7 2 . 5 2 2 2 7 7 . . 7 4 8 9
1 2 2 1 . 5 1 3 1 3 0 * . . 7 5 2 0
1 2 2 4 . 2 1 3 1 5 9 . . 7 528
1 2 2 5 .  0 1 3 1 68 . . 7 5 3 5
1 2 2 6 .  0 1 3 1 7 8 . . 7541
1 2 2 7 . 6 1 3 1 9 5 . . 7 5 5 2
661 . 3 7 1 0 8 . . 7  629
6 6 1 * 6 7 1 1 1 . . 7 59 6
6 6 3 .  5 7 1 3 2 . . 7 6 1 2
6 6 4 . 9 71 4 7 . . 7  622
6 6 4 . 9 71 4 7 . . 7 6 2 2
8 7 4 .  3 9 3 9 8 . . 7 5 7 6
8 7 6 .  0 941  6. . 7 59 1
8 7 5 .  4 9 4 1 0 . . 7 5 9 2
8 7 6 . 8 9 4 2 5 . . 7 6 0 5
8 7 5 .  6 9 4 1 2 . . 7 59 4
2 7 0 6 .  4 29 09 1. . 7 3 9 7
2 7 1 6 . 0 29 19 5. . 7 4 3 0
2 7 1 4 . 0 29 17 3. . 7 4 3 5
2 7 1 5 . 0 29 18 4. . 7  438
2 7 3 7 . 3 29 42 4. . 7 5 0 6
CD = +OR- . 0 0 7 3
PER CENT.
158.
FLOW ,  0 . 0 7 D  TAPS 
. 0 5 4 1  CM.
. 5 5 1  CM „
. 09 8 1
2 2 . 5  C 
2 1 4 . 7  P S I A
. 0 0 1 2 0 3  G/CC.
8 8 . 5  MI CROPOI SE
PC PSI  G) T ( SEC) HCMMWG) REC P) RECO) CD
2 0 1 .  0 4 2 .  7 1 1 1 5 . 0 2 2 8 . 2 2 3 2 6 . . 7 3 0 4
2 0 1 .  0 4 2 .  72 1 1 5.  0 228 . 2 2 3 2 5 . . 7 3 0 2
2 0 1 .  0 4 2 .  56 1 1 5.  0 229 . 0 2 3 3 4 . . 7 3 3 0
2 0 1 .  0 4 2 .  70 1 1 5.  2 2 2 8 .  3 2 3 2 6 . . 7 300
2 0 0 . 8 1 3.  56 1 1 3 6 .  0 7 1 3 .  3 7 2 6 9 . . 729 3
2 0 0 . 8 1 3.  46 1 1 38 . 0 7 1 8 . 6 7 3 2 3 . . 7341
2 0 0 . 8 1 3.  52 1 1 39 . 0 '71 5.  4 7 2 9 0 . . 7 3 0 5
2 0 0 . 8 1 3* 53 1 1 4 0 . 0 7 1 4 . 9 728 5. . 7 2 9 7
1 99 .  7 2 8 . 0 4 2 6 5 . 0 3 4 5 .  2 3 5 1 7 . . 7 3 0 3
1 99 .  7 2 7 . 9 9 2 65 *  0 3 4 5 . 8 3 5 2 4 . . 7 3 1 7
1 99 .  5 2 8 .  07 2 6 5 . 0 3 4 4 .  5 3 5 1 0 . . 729 2
1 99 .  5 2 7 . 9 9 2 6 5 .  0 3 4 5 .  5 3 5 2 0 . . 7 3 1 3
2 0 0 .  5 18.  45 6 1 1 . 0 5 2 5 .  3 5 3 5 3 . . 731 6
2 0 0 .  5 18.  50 6 1 1 . 0 5 2 3 * 9 5 3 3 9 . . 729  6
2 0 0 .  5 1 8 . 4 4 6 1 2 .  0 5 2 5 .  6 5 3 5 6 . . 7'3 1 4
2 0 0 .  5 18.  50 6 1 2 .  0 5 2 3 . 9 5 3 3 9 . . 7 2 9 0
STAN DARD DEVIATI ON OF MEAN CD = +OR- . 001 4
CD =.  . 7 3 0 7  + OR- . 1 9 2  PER CENT.
PLATE C4 , HYDROGEN 
ORI FI  CE DI AMETER = 
P I P E  DIAMETER  
DIAMETER RATIO = 
TEMPERATURE 
NOMINAL PRESSURE = 
NOMINAL DENSITY = 
VI SCOSI TY
159.
PLATE C4 , NITROGEN FLOW , 0 . 87D TAPS
ORI FI  CE DI AMETER ZZ 0 0 541 CM e
P I P E  DIAMETER — • 551 CM.
DI AMETER RATIO ZZ 0 098 1
TEMPERATURE 2 1 . 5 C
NOMINAL PRESSURE = 1 4 6 5 . 7 PSI  A
NOMINAL DEN SI TY ZZ m 1 1 5 4 0 0 G/CC.
VI SCO SI TY = 198 . 5 MI CROPOI SE
PC PSI  G) TC SEC) KCMMWG) REC P) RECO) CD
1 4 5 5 . 0 3 5 .  12 59 1. 0 2 1 2 3 . 8 2 1 6 4 3 . . 7 3 0 5
.1 4 5 5 .  0 3 5 .  38 5 8 8 .  0 2 1 0 8 . 2 2 1 43 4. . 7269
1 4 5 6 .  0 3 5 .  45 58 3.  0 2 1 0 5 . 5 21 4 5 6 . . . 7 2 8 9
14 56*  0 3 5 .  46 58 4.  5 2 1 0 4 . 9 2 1 4 5 0 . . 7 2 7 7
1 4 5 6 .  0 3 5 .  48 58 1 . 0 21 0 3 .  7 2 1 4 3 8 . . 729  5
1 4 4 7 . 0 5 6 .  75 2 2 4 . 0 1 3 0 7 . 6 1 3 3 2 5 . . 7321
1 4 4 7 .  0 5 6 . 8 0 2 2 4 .  0 1 3 0 6 .  5 1 3 3 1 3 . . 7 3 1 5
1 4 4 7 . 0 5 6.  69 2 2 5 .  0 1309 . 0 1 3 3 3 9 . . 7 3 1 3
1 4 4 7 . 0 56 .  67 2 2 5 .  0 1309 . 4 1 3 3 4 4 . . 7 3 1 5
1 4 4 7 . 0 5 6 .  72 2 2 5 .  0 1 3 0 8 . 3 1 3 3 3 2 . . 7309
1 4 4 4 .  0 9 5 .  14 7 9 .  0 7 7 8 .  5 7 9 3 3 . . 7 3 4 6
1 4 4 4 .  0 9 4 . 7 0 7 9 .  7 7 8 2 .  1 7 9 7 0 . . 7 3 4 7
1 4 4 3 . 0 9 4.  44 8 0 .  5 78 3.  7 7 9 8 6 . . 7328
1 4 4 3 .  0 9 4.  47 8 0 .  5 7 8 3 .  5 7 9 8 4 . . 7 3 2 6
1 443*  0 9 3 . 9 8 8 0 . 8 78 7 .  5 8 0 2 5 . . 7 3 5 0
1 4 5 7 . 0 2 6 .  67 1 0 1 5 . 0 2799  . 5 28 5 2 9 . . 7  3 4 4
1 4 5 7 . 0 2 6 . 9 2 1 0 1 2 . 0 2 7 7 3 . 6 2 8 2 6 4 . . 7 2 8 7
1 4 5 7 . 0 2 6 . 9 6 1 0 0 7 . 0 27  69 . 5 2 8 2 2 2 . . 729 4
1 4 5 7 . 0 2 7 . 0 4 1 00 4.  0 2 7 6 1 . 3 28 1 39 . . 728  3
1 4 58 . 0 2 7 .  07 1 0 0 1 . 0 2 7 6 0 .  1 2 8 1 2 7 . . 7 289
STANDARD DEVIATI ON OF MEAN CD = +OR-  
CD = . 7 3 1  +OR-  . 338 PER CENT.
0 0 2 5
PLATE 04  , HYDROGEN FLOW > 
ORI FI  CE DI AMETER =
PI PE DI AMETER
DI AMETER RATIO
TEMPERATURE = 22
NOMI NAL PRESSURE = 2 1 4
NOMINAL DENSITY =
V I SCOSI TY 88
PC PSI  G) TC SEC) KCMM-WG)
2 0 0 .  2 1 6 . 8  4 7 3 1 .  0
2 0 0 .  3 1 6 . 8 8 7 3 2 .  0
2 0 0 .  3 1 6 . 8 3 7 3 2 .  0
2 0 0 .  3 1 6 . 8 0 7 3 3 .  0
1 9 9 . 3 5 5 . 8 8 6 6 . 0
199 . 2 5 5 . 9 0 6 6 * 2
1 9 9 . 2 5 5 . 8 7 66 .  0
199 . 2 5 5 . 8 5 6 6 * 2
2 0 0 .  0 4 1 . 2 5 1 2 2 .  5
2 0 0 .  0 4 1 . 2 1 122 .  5
2 0 0 .  0 41 . 22 1 22 .  7
2 0 0 .  0 4 1 . 2 4 1 2 2 . 9
201 . 0 1 3.  51 1 1 3 0 . 0
201 . 0 1 3.  53 1 1 3 0 . 0
201 . 1 13.  51 1 1 3 1 . 0
2 0 1 .  1 1 3.  53 1 1 3 3 . 0
199 .  7 2 3 .  61 3 69 . 0
1 9 9 - 7 2 3 .  68 369 . 0
1 99 .  7 2 3 .  68 3 6 9 .  5
199 .  7 2 3 .  66 3 69 .  0
STANDARD DEVI ATI  ON OF MEAN
CD = . 7298 + 0 R-  . 19
0 . 1 D TAPS 
0541 CM.
5 51 CM .
098  1 
2 C
7 PSI  A
0 0 1 1 9  4 G/CC.
5 MI CROPOI SE
REC P) REC 0 ) CD
5 7 0 .  0 58 09 o . 7 2 9 3
5 6 3 . 9 5 7 9 8 . . 7 2 7 2
5 7 0 .  6 58 1 5. . 7 2 9 4
571 . 6 5 8 2 5 .  • . 7 3 0 2
1 7 1 . 8 1 7 5 1 . . 7 3 1 4
17 1 . 7 1 7 49 . . 7298
17 1*8 1 7 5 0 . . 7 3 1 3
17 1*8 1 7 5 1 . . 7 3 0 5
2 3 3 .  4 2 3 7 9  . . 7 23 3
2 3 3 .  6 238 1 • . 7 2 9 0
2 3 3 .  6 2 3 8 0 . . 7 2 8 2
2 3 3 .  5 2 3 7 9 . . 7 2 7 3
7 1 1 . 3 7 2 43 . . 7 3 1 6
7 1 0 . 2 7 23 3  • . 7 3 0 5
7 1 1 * 6 7 2 5 2 . . 7 3 1 4
7 1 0 . 5 7 2 4 1 . . 729 7
4 0 6 .  6 41 4 3 . . 7321
4 0 5 .  4 4 1 3 1 . . 7 29 9
4 0 5 .  4 4131 . . 7 29 4
4 0 5 .  7 41 3 5 . . 7 3 0 5
CD = + 0 R - . 001 4
PER CENT.
161.
PLATE C4 , NITROGEN FLOW , 0 .  ID TAPS
ORI FI  CE DI AMETER ZZ . * 0 5 41 CM e
P I P E  DIAMETER ~  • 551 CM.
DI AMETER RATIO ~ • 09 8 1
TEMPERATURE 2 2 . 0 C
NOMINAL PRESSURE = 1 4 6 5 . 7 P S I A
NOMINAL DENSITY = 1 1 5 1 0 0 G/CC.
V I SCOSI TY 198 . 6 MI CROPOI SE
PC PSI  G> T( SEC) H C MM WG) REC P) RECO) CD
1 4 5 2 . 0 5 4 . 8 8 241 . 0 1 3 5 2 . 6 1 3 7 8 3 . . 7 3 0 2
1 4 5 2 . 0 5 4 . 8 9 2 4 0 .  0 1 3 5 2 . 3 1378 1 . * 7 3 1 6
1 4 5 2 . 0 5 4 . 9  4 2 3 9 .  0 1 3 5 1 . 1 1 3768  . . 7 3 2 5
1 4 5 2 . 0 5 5 . 2 1 238 . 0 13 4 4 . 5 1 3 7 0 1 . . 7 3 0 4
1 4 5 2 . 0 5 5 .  12 2 3 8 .  0 1 3 4 6 .  7 1 3 7 2 3 . . 7 3 1 6
1 4 5 6 .  0 3 7 . 8  1 5 1 4 .  0 19 68 . 1 2 0 0 5 6 . . 7 26 8
1 4 5 6 .  0 3 7 . 8  6 5 1 3 .  0 19 6 5 .  5 2 0 0 2 9 . . 7 2 6 5
1 4 5 7 . 0 3 7 .  77 5 1 1 . 5 1 9 7 1 . 5 2 0 0 9  1 . . 729 6
1 4 5 7 .  0 3 7 . 9 6 5 1 0 .  5 19 6 1 . 7 1 9 9 9 0 . . 7 2 6 7
1 4 5 7 . 0 3 7 . 9 3 5 1 0 .  0 19 63 .  2 2 0 0 0 6 . . 7 2 7 6
1 4 5 2 . 0 9 8 .  57 7 4 .  4 7 5 3 . 2 7 6 7 5 . . 7 3 1 8
1 4 5 2 . 0 9 7 .  61 75 .  0 7 6 0 .  6 7751 . . 7 3 6 0
1 4 5 2 . 0 9 7 .  55 7 5 .  9 761 . 0 7 7 5 5 . . 7321
1 4 5 1 . 0 9 7 . 7 6 7 6 .  1 7 5 8 . 9 7 7 3 3 . . 7 2 9 3
1 4 5 1 . 0 9 7 .  20 7 6 . 8 7 6 3 .  3 7 7 7 8 . . 7301
1 4 5 7 . 0 2 5 . 8 2 1 0 8 9 . 0 2 8 8 2 .  6 2 9 3 7 5 . . 7 3 1 2
1 4 5 7 .  0 2 6 .  00 108 6.  0 28 62 .  6 2 9 1 7  1 . . 7 2 7 2
1 4 5 7 . 0 2 5 . 9 2 108 3 . 0 28 7 1.  4 29 2 61. . 7 3 0 4
1 4 5 7 . 0 2 6 .  10 1 0 7 9 . 0 28 5 1 . 7 29 0 6 0 . . 7 2 68
1 4 58 . 0 2 6 .  02 1 0 7 9 . 0 28 62 .  4 29 1 69 . • . 729  3
STANDARD D E V IA T I ON  OF MEAN CD = + .OR- 
CD = . 7 2 9 9  +OR-  . 338 PER CENT.
. 0 0 2 5
PLATE C4 * HYDROGEN FLOW
ORI FI  CE DI AMETER =
P I P E  D I A METER =
DI AMETER RAT I 0 =
TEMPERATURE 1
NOMINAL PRESSURE 21
NOMINAL DENSITY =
VI SCO SI TY = 8
PC PSI  G> TC SEC) RCMMWG)
1 9 9 . 9 2 6 .  59 3 0 0 .  0
1 9 9 * 9 2 6 .  54 3 0 1 .  0
2 0 0 .  0 2 6 .  56 301 * 0
2 0 0 .  0 2 6 .  62 3 0 2 .  0
2 8 1 *  6 1 6 . 9  6 7 48 * 0
201 . 9 1 6 . 8 7 7 4 8 .  0
2 0 2 .  0 1 6 . 9 0 7 49*  0
2 0 2 *  2 1 6 . 8 5 7 5 0 .  0
1 9 8 .  4 61 . 65 5 5 . 2
1 98 .  3 6 1 * 8 6 5 5 .  2
1 9 8 .  2 61 . 8 8 5 5 .  1
1 9 8 .  2 61 . 8 9 5 5 .  2
2 0 0 .  5 49 . 1 0 89 . 5
2 0 0 .  5 43 . 8  6 8 9 . 8
2 0 0 .  5 4 8 . 8  6 8 9 . 8
2 0 0 .  6 4 8 .  77 8 9 . 9
2 0 0 .  7 1 3 . 9 0 109 5 . 0
2 0 0 . 8 1 3 * 9 0 1 1 0 0 . 0
201 . 0 1 3 . 8 9 1 1 0 4 . 0
201 . 2 1 3 . 9 4 .1 1 0 5 .  0
1 9 9 .  5 3 8 .  47 1 4 4 .  0
1 9 9 . 4 3 8 .  44 1 44 .  0
1 99 .  4 3 8 . 2 8 1 4 4 .  0
1 9 9 . 4 3 8 .  45 1 4 4 .  0
D AND D TAPS 
0541  CM.
572  CM.
0 9 4 5  
7 C
7 P S I A  
0 0 1 2 2 3  G/CC*
4 MICRO P O I S E  •
REC P) RECO) CD
3 6 2 .  7 38 3 7 . . 7 3 1 6
3 6 3 .  4 38 44 . . 7 318
3 6 3 * 3 38 4 3 . . 731 4
3 6 2 .  4 3 8 3 4 . . 728 5
5 7 1 . 4 604  5. . 7 2 8  3
5 7 5 .  3 608 6. . 7 3 2 7
5 7 4 .  5 6 0 7 8 . . 731 1
5 7 6 . 8 6 1 0 1 - . 7331
1 5 5 .  6 1 6 4 6 . . 7 3 3 6
1 55 .  0 1 6 4 0 . . 730 9
1 5 4 . 9 1 6 3 3 . . 7 3 1 2
1 5 4 . 8 1 6 3 8 . . 7 3 0 4
1 9 7 . 2 208 6. . 72  69
1 98 .  2 2 0 9 7 . . 7 2 9 2
1 98 .  2 209 7. . 7 2 9 2
1 9 8 .  7 2 1 0 2 . . 7 3 0 3
69 2 .  7 7 3 2 8 . . 7321
69 3 . 0 7331  • . 7 3 0 6
69 4.  1 7 3 4 3 . . 7301
6 9 2 .  3 7 32  4. . 7 2 7 5
2 5 0 .  5 2 6 5 0 . . 729 6
2 5 0 .  5 2 6 5 0 . . 7 3 0 0
251 . 6 2 6 6 2 . . 7 3 3 0
2 5 0 .  5 2 6 5 0 . . 7 29 8
STANDARD DEVIAT I ON OF MEAN CD = +OR-  . 0 0 1 8
CD = . 7 3 0 5  + OR- . 2 4 0  PER CENT.
PLATE C4 * NITROGEN FLOW ,  D AND D TAPS
O R I F I C E  DIAMETER  
P I P E  DIAMETER  
DIAMETER RATIO 
TEMPERATURE 
NOMINAL PRESSURE 
NOMINAL DENSITY  
V I SCOSI TY
. 0 5 4 1  CM.
. 57 2 CM.
. 09 45  
1 6 . 0  C 
1 4 6 4 .  7 PSI  A
. 1 1 80 0 0  G/CC.  
19 6.  0 MI  CROPOI SE
PC PSI  G) TC SEC) H C MM WG) REC P) RECO) CD
14 5 0 . 0 4 7 . 9 9 3 2 3 .  0 1 5 4 6 .  6 1 6 3 6 1 . . 7 3 1 2
1 4 5 0 . 0 4 8 .  35 3 2 2 .  0 1 5 3 5 . 1 1 6 2 3 9 . . 7269
1 4 5 1 . 0 4 8 .  47 3 2 1 .  0 1 5 3 2 . 3 1 6 2 1 0 . . 7 2 6 5
1 4 5 1 . 0 4 8 .  49 3 1 9 . 0 1 5 3 1 . 7 1 620  4. . 728  5
1 4 5 2 . 0 4 8 .  40 3 1 8 .  5 1 5 3 5 . 6 1 6 2 4 5 .  ' . 7 3 0 7
1 4 4 5 .  0 9 3.  70 8 4.  2 789 . 6 8 3 5 3 . . 7 3 2 2
1 4 4 5 . 0 9 4 .  1 3 8 3 .  0 78 6.  0 8 3 1 5 . . 7341
1 445*  0 9 3 . 8  1 8 3 .  5 7 8 8 .  6 8 3 4 3 . . 7 3 4 4
1 4 4 5 .  0 9 3 .  64 8 4 .  0 79 0 .  1 8 3 5 8 . . 7 3 3 5
1 4 4 6 .  0 9 3 .  62 8 4.  2 7 9 0 . 8 8 3 6 6 . . 7331
1 4 5 5 . 0 2 6 .  1 4 1 0 8 7 .  0 28 4 7 .  2 3 0 1 2 0 . . 7 329
1 4 5 5 .  0 2 6 .  31 108 4.  0 28 2 8 . 8 2 9 9 2 6 . . 7 2 9 2
1 4 5 6 .  0 2 6 .  30 108 3.  0 28 31 . 8 299  5 8 . . 7301
1 4 5 6 .  0 2 6.  48 108 1 . 0 2 8 1 2 . 6 2 9 7 5 4 . . 7 25 8
1 4 5 7 . 0 2 6 .  40 1 08 1 . 0 2 8 2 3 .  0 298  6 5 . . 7 2 8 3
1 4 4 7 . 0 6 9 . 2 7 1 5 2 .  5 1 0 69 . 4 1 1 3 1 3 . . 7 3 6 5
1 4 4 7 . 0 69 .  24 1 5 5 . 0 1 0 69 . 9 1 1 3 1 8 . . 7 30 8
14 4 7 .  0 68 .  77 1 5 6 .  0 1 0 7 7 . 2 1 1 39 6. . 7 3 3 5
1 4 4 6 .  0 6 8 . 8  1 1 5 7 . 0 1 0 7 5 . 8 1 1 38 1 . . 7 3 0 4
1 4 4 6 .  0 6 8 .  63 1 5 8 .  0 1 078*  7 1 1 4 1 1 . . 7 3 0 0
1 4 48 . 0 3 5 .  58 59 2 .  0 2 0 8 2 .  7 2 2 0 3 3 . . 7 2 7 9
1 4 4 8 .  0 3 5 .  51 59 0 .  0 208  6 . 8 2 2 0 7 6 . . 7 3 0 5
14 49 . 0 3 5 .  46 5 9 0 . 0 209 1 . 2 2 2 1 2 2 . . 7 31 8
1 4 49 . 0 3 5 .  74 589 . 0 2 0 7 4 . 8 2 19 49 . . 7 2 6 7
1 4 4 9 . 0 3 5 .  64 5 8 8 . 0 2 0 8 0 . 6 2201  1 .' . 729  4
STANDARD DEVI ATI  ON OF MEAN CD = + 0 R - . 0 0 2 8
CD = . 7 3 0 6 + 0 R- . 3 7 8 . PER CENT.
16^ .
PLATE C4 ,  HYDROGEN FLOW
ORI FI  CE DI AMETER . 0 541 CM.
P I P E  DIAMETER = . 2 1 4  CM.
DIAMETER RATIO = . 2 5 2 7
TEMPERATURE = 2 3 . 3 C'
NOMINAL PRESSURE 2 1 4 . 7 P S I A
NOMINAL DEN SI TY = ♦ 0 0 1 2 0 0  G/CC.
V IS C O S I T Y 8 8 . 7 MI CROPOI SE
PC PSI  G) TC SEC) H C MM WG) REC P) RECO) CD
1 9 9 . 9 2 5 .  21 3 2 2 .  0 98  4.  4 339 6. . 7 3 48
1 9 9 . 9 2 5 . 1 9 3 2 3 .  0 9 8 5 .  1 3 8 9 9 . . 7 3 4 2
1 9 9 . 9 2 5 .  07 3 2 3 .  0 9 8 9 . 8 39 1 8 . . 7 3 7 7
1 9 9 . 9 2 5 .  1 5 3 2 3 . 0 9 8 6 . 7 39 0 5. . 7 3 5 4
2 0 0 . 8 1 4.  22 1 0 2 6 .  0 1 7 4 4 . 3 69 0 4. . 729 7
. 2 0 0 . 9 1 4 . 1 7 1 0 2 5 . 0 1 7 5 1 . 3 69 31 . . 7 3 2 8
2 0 0 . 9 1 4.  27 1 0 2 5 .  0 1 7 3 9 . 0 688 3 . . 7 2 7 7
2 0 0 . 9 1 4.  10 1 0 2 6 .  0 1 7 60 .  0 69 6 6 . . 7361
1 99 .  2 4 4 .  1 7 1 0 4 .  5 5 6 0 . 8 2 2 2 0 . . 7 3 5 4
1 9 9 .  2 4 4 .  19 104 .  5 5 6 0 .  5 2 2 1 9 . . 7351
199 .  2 4 4 .  1 6 1 0 4 .  7 5 6 0 . 9 2 2 2 0 . . 7 349
1 9 9 .  1 4 4 .  19 1 04 .  5 5 6 0 .  3 221 7 . . 7 34 9
2 0 0 .  5 19.  60 5 3 3 .  5 1 2 6 7 . 9 5 0 1 8 . . 7 3 4 3
2 0 0 .  5 19 .  59 5 3 5 .  0 1 2 6 8 .  5 5 0 2 1 . . 7 341
2 0 0 .  5 19.  63 5 3 4 .  0 1 2 6 5 . 9 5 0 1 0 . . 7 3 3 3
2 0 0 .  5 19 .  59 5 3 4 .  0 1 2 68 . 5 5 0 2 1 . . 7 3 4 8
STANDARD DEVI ATI  ON OF MEAN CD = +OR- . 0 0 2 4
CD = . 7341 + OR- . 3 2 8 PER CENT
/
165.
PLATE C4 , ARGON FLOW
O R I F I C E  DIAMETER = * 0 5 4 1  CM*
P I P E  DIAMETER = * 21 4 CM.
DIAMETER RATIO = * 2 5 2 7
TEMPERATURE = 2 0 * 3  C
NOMINAL PRESSURE = 14 14. 7 PSI  A
NOMINAL DENSITY = • 1 6 7 8 0 0 G/ CC.
V ISC O S I TY  = 2 4 2 . 0 MI CROPOI SE
PC PSI  G) TC SEC) HCMMWG) REC P) RECO)
1 4 0 6 .  0 31 * 75 1 122 .  0 7 2 2 2 . 2 28 58 4 .
1 4 06*  0 3 1 . 9 7 1 1 1 8 . 0 7 1 7 2 .  6 2 8 3 8 8 .
1 40 6.  0 3 1 * 8 0 1 1 1 4 .  0 7 2 1 0 . 9 28 5 4 0 .
140 6 . 0 3 1 . 9 4 1 1 1 0 . 0 7 1 79 . 3 28 41 5.
1 3 ; 0 *  0 1 4 6 . 3 0 5 0 .  1 1 5 5 1 . 1 6 1 3 9 .
1 3 8 9 .  0 1 4 5 . 7 0 5 0 . 9 1 5 5 6 .  4 61 60 .
1 3 8 9 . 0 144 .  50 5 1 . 3 1 5 6 9 .  3 621 1.
1 3 8 8 .  0 1 4 3 . 9 0 5 1 . 6 157 4. 7 6 2 3 2 .
1 4 0 0 . 0 4 1 . 8 9 6 4 3 .  0 5 4 5 3 .  0 21 5 8 2 .
1 4 0 0 . 0 4 1 . 8 8 6 3 9 .  0 5 4 5 4 .  4 2 1 5 8 7 .
1 4 0 0 . 0 4 1 . 8 5 6 3 6 .  0 5 4 5 8 . 3 21 6 0 3 .
1 4 0 1 . 0 4 2 . 0 7 6 3 4 .  0 5 4 3 3 .  6 2 1 5 0 5 .
1 40 4.  0 1 0 7 . 3 0 9 6.  4 2 1 3 5 - 9 8 4 5 3 .
1 4 0 4 .  0 1 0 6 . 8 0 9 7 .  0 2 1 4 5 . 9 8 49 3 .
1 4 0 3 .  0 1 0 6 .  10 9 7 . 2 21 58 . 5 8 5 4 3 .
1 4 0 2 . 0 1 0 5 . 7 0 9 7 . 7 2 1 6 5 .  1 8 5 6 9 .
1 4 0 5 .  0 5 3 .  66 3 8 9 . 0 4 2 7 2 . 9 1 69 1 1 .
1 4 0 6 . 0 5 3 .  67 3 8 8 .  5 4 2 7 5 .  1 1 69 2 0 .
1 4 0 6 .  0 5 3 . 0 4 38 7.  0 4 3 2 5 . 9 1 7 1 2 1 .
1 4 0 6 .  0 5 3 . 8 5 38 7 .  0 42 6 0 . 8 1 68 64 .
1 4 0 4 . 0 7 1 .  26 2 1 9 . 0 3 2 1 5 . 8 1 2 7 2 7 .
1 4 0 4 . 0 7 1 . 2 0 2 1 9 . 0 3 2 1 8 .  5 1 2 7 3 8 .
1 4 0 4 .  0 7 1 . 2 0 2 1 9 . 0 3 2 1 8 .  5 127 3 8 .
1 4 0 4 .  0 7 1 . 1 4 2 1 8 .  5 3 2 2 1 . 2 127 49 .
STANDARD DEVIAT I ON OF MEAN CD = +OR-
CD = . 7 3 4 5 + OR- . 7  69 PER CENT.
CD 
. 7 2 8 2
* 7 2 4 5
* 729  6
* 7278  
. 7 4 3 2
* 7 4 0 0
* 7 4 3 3
* 7 438
* 7 2 7 4
* 7 2 9 8
* 7321
* 729 7
* 7 3 48
* 7 3 6 0  
. 7 39 8
* 7 4 0 3  
* 7 3 1 7  
. 7 3 2 3  
. 7 4 2 5  
. 7 3 1 3  
. 7 3 4 1  
. 7 3 4 7  
. 7 3 4 7  
. 7361
. 0 0 5 7
166.
PLATE C4 * HYDROGEN FLOW 
ORI FI  CE DI AMETER =
P I P E  DIAMETER =
DIAMETER RATIO 
TEMPERATURE 
NOMINAL P RE SS UR E^  
NOMINAL DENSITY = 
V I SCOSI TY  =
• 0 5 4 1  CM.
1 . 2 4  CM.
• 0 4 3 6  
18.  0 C 
2 1 4 . 7  P S I A
• 0 0 1 2 2 1  G/CC.  
8 7.  7 MI CROPOI SE
PC PSI  G) TCSEC) H C MM WG> REC P) RECO) CD
199 6 2 3 .  26 3 8 7 . 0 1 8 9 .  1 4 3 3 7 . . 7 3 3 6
199 4 2 3 .  18 39 2 . 0 1 8 9 .  6 4348  . . 7 3 1 0
199 4 2.3. 09 39 5 . 5 1 90 .  3 43 65 . . 7 3 0 6
199 4 2 3 .  0 3 39 9 ."0 1 9 0 . 8 437 6. . 729 3
199 4 2 3 .  09 3 9 9 .  5 1 9 0 . 3 4 3 6 5 . . 7 2 7 0
199 2 3 4 .  1 1 1 8 1 . 0 * 1 2 8 . 9 29 5 6 . . 7 3 1 2
199 1 3 3 . 9 8 18 1 . 2 12 9 .  3 29 6 6 . . 7 3 3 5
199 1 3 3 . 9 8 18 1 . 0 1 2 9 .  3 29 66 . . 7339
199 1 3 3 . 8 4 18 1 . 2 1 2 9 . 9 29 7 8 . . 7 3 6 5
199 1 3 3 * 8 7 18 1 . 3 1 2 9 . 8 29 7 6 .  ' . 7 3 5 6
197 5 66 .  69 4 7 . 0 65 .  5 1 5 0 1 . . 7 3 1 3
197 5 66 .  67 4 6 . 9 6 5 .  5 1 5 0 2 . . 7 3 2 3
197 5 6 6 * 6 6 4 6 . 9 65 .  5 1 5 0 2 . . 7 3 2 5
197 5 66 .  67 4 6 . 9 6 5 .  5 1 5 0 2 . . 7 3 2 3
197 3 6 6 .  73 4 6 . 8 6 5 .  4 1 49 9 . . 7 3 2 1
201 0 1 3 . 9 5 1 0 9 9 .  0 3 1 5 . 9 7 2 4 5 . . 7 2 6 6
201 0 1 3 . 9  1 1 1 0 0 . 0 31 6 . 8 7 2 6 6 . . 728 4
201 0 1 3 . 9 2 1 1 0 0 . 0 3 1 6 . 6 7261  . . 7 27 8
201 1 1 3 . 9 8 1 1 0 0 . 0 3 1 5 .  4 7 2 3 3 . . 72  49
201 1 1 3 . 9 4 1 1 0 1 . 0 3 1 6 .  3 7 2 5 4 . . 7 2 6 6
199 5 4 4 . 8  1 1 0 4 .  2 9 8 .  3 2 2 5 5 . . 7 3 4 3
199 5 4 4 . 7 0 10 4 . 8 9 8 .  6 2 2 6 0 . . 7 3 40
199 5 4 4 . 8  6 104 .  5 9 8 . 2 2 2 5 2 . . 7 3 2 4
199 5 4 4 .  75 104 .  7 9 8 .  4 2 2 5 8 . . 7 3 3 5
199 4 4 4 . 8  3 1 0 4 .  5 9 8 .  2 2 2 5 3 . . 7 328
199 8 18.  17 6 4 2 .  0 2 4 1 . 9 5 5 4 8 . . 7 2 8 9
199 8 1 8 . 1 6 6 4 2 .  0 2 4 2 .  1 5551 . . 729 3
*199 8 18.  22 6 4 2 .  5 2 4 1 . 3 5 5 3 3 . . 7 2 6 6
2 0 0 0 1 8 . 1 7 6 4 2 .  5 2 4 2 .  2 5 5 5 3 . •. 728 9
2 0 0 0 1 8 . 1 2 6 4 2 .  5 2 4 2 . 8 5 5 6 9 . . 7 3 0 9
2 0 0 2 5 5 . 9 2 6 7 .  3 7 9 .  1 18 13. . 7 3 3 5
200 2 5 5 . 8 2 6 7 .  1 7 9 . 2 18 1 6 . . 7 35 9
2 0 0 2 5 5 . 9 2 6 7 .  2 7 9 .  1 1 8 1 3 . . 7 3 4 0
2 00 1 5 5 . 8  1 6 7 .  2 7 9 . 2 18 1 6. . 7 3 5 3
2 0 0 1 5 5 . 8 9 6 7 .  1 7 9 .  1 18 13. . 7 348
STANDARD DEVI ATI  ON OF MEAN CD = +OR- . 0 0 3 1
CD = . 731 5 + OR- . 4 1 8 PER CENT;
167.
PLATE C4 , NITROGEN FLOW
O R I F I C E  DIAMETER = . 0 5 4 1  CM.
P I P E  DIAMETER = 1 . 2  4 CM.
DIAMETER RATIO = . 0 4 3 6
TEMPERATURE = 1 6. 7 C
NOMINAL PRESSURE = 14 6 4 . 7  P S I A
NOMINAL DENSITY = . 1 1 76 0 0  G/CC.
V I SCOSI TY  = 19 6 . 0  MI CROPOI SE
PC PSI  G) TC SEC) H C MM WG) REC P) RECO) CD
1 4 4 9 .  0 2 5 . 6 3 1 1 1 9 . 0 1 3 2 9 . 4 3 0 4 3 7 . . 7 3 3 6
1 4 5 0 . 0 2 5 . 9 5 1 1 0 8 . 0 I 3 1 3 . 9 3 0 1 3 2 . . 728 4
1 4 5 0 . 0 2 6 .  25 1 09 1 . 0 1 2 9 8 . 9 29 788  • . 7 2 5 7
1 4 5 2 . 0 2 6 .  35 1 0 69 . 0 1 2 9 5 . 8 29 71 6. . 7 309
1 4 4 4 .  0 8 1 . 9 9 1 09 . 2 4 1 4 .  5 9 5 0 6 . . 7 3 3 0
1 44 4 .  0 8 1 . 8 8 109 .  1 41 5.  1 9 5 1 9 . . 7 3 4 3
i 4 43 *  0 8 1 . 8 0 1 0 9 . 0 4 1 5 .  2 9 5 2 1  . . 7351
1 4 4 3 . 0 8 1 . 69 1 09 .  1 41 5.  7 9 5 3 4 . . 7 3 5 7
1 4 5 6 .  0 3 4 .  47 6 3 4 .  5 9 9 3 *  6 2 2 7 8  6. . 7 2 6 5
1 4 5 6 .  0 3 4 .  39 6 3 4 .  0 9 9 5 . 9 228  39 . . 7 2 8 5
1 4 5 7 . 0 3 4 .  63 6 3 1 .  0 9 8 9 .  7 22  69 7 . . 7 2 5 4
1 4 5 7 . 0 3 4 . 8  1 6 2 9 .  5 98 4.  6 2 2 5 7 9 . . 7 2 2 5
1 4 5 3 . 0 1 1 1 . 4 5 5 9 . 9 3 0 6 . 8 7 0 3 7 . . 7 3 0 6
1 4 5 3 . 0 1 1 1 . 2 2 5 9 . 8 3 0 7 .  5 7051 . . 7 328
1 4 5 2 . 0 1 1 0 . 9  1 60 .  0 3 0 8 .  1 7 0 6 6 . . 7 3 3 4
1 4 5 2 .  0 1 1 0 . 7 7 5 9 . 9 3 0 8 .  5 7 0 7 5 . . 7 3 4 9
1 4 5 2 . 0 5 2 .  30 2 6 9 .  5 6 5 3 .  3 1 4 9 8 2 . . 7 3 3 7
1 4 5 2 . 0 5 2 .  45 2 6 8 * 8 6 5 1 .  4 1 49 39 . . 7 3 2 5
1 45 3.  0 5 2 .  70 2 6 6 .  7 6 4 8 * 8 1 43 78 . . 7 3 2 2
1 4 5 3 . 0 52 .  75 2 6 6 .  0 648*  2 1 43 64 . . 7 3 2 5
STANDARD DEVI  AT I ON OF MEAN CD = + OR- . 0 0 3 7
CD = . 731 1 + 0 R -  . 5 0 8 PER CENT.
168.
PLATES SE1 AND SE2, '20gP' OIL FLOW
DIAMETER RATIOS: 0. 008 and 0.09? RESPECTIVELY
T £ t n, A'p, cm ReD crj°F gm/ml sec cP SE1 SE2 J J SE1 SE2
69.5 0. 8649 3-29.2 18. 94 95.6 123. 4 53.6 0. 7358 0.6610
550. 46 95.5 125. 45 53.4 0. 7334 0. 6584
530.35 95.6 123.5 53. 4 0.7333 0.6585
64. 0 0. 8647 187.71 18. 68 74,4 94.8 47. 6 0.7316 0.6615
187.79 74.1 94.8 47.6 0.7316 0.6612
177. 69 82.2 105. 5 50.3 0. 7353 0. 6624
178.30 82.1 105.5 50.2 0. 7332 0.6602
203.89 63.O 79.9 43.9 0.7319 0.6634
203.52 62. 2 78 .9 44. 0 0.7380 0. 6688
201.97 62.4 79.15 44.3 0. 7424 0.6728
230.80 49.5 61.95 38.7 0.7295 0.6655
231.95 49. 4 61.8 38. 6 0.7266 0.6630
151.01 154. 4 ■K- 68.8 0. 7332 *
129.73 154.3 68.9 0. 7350
64.5 0.8645 144. 06 18.41 128. 8 63 .0 0.7333
143.36 125.6 63 .3 0.7374
144.01 124. 8 63 .0 0. 7364
155.31 107.5 58.4 0. 7358
156.30 107.3 58.1 0. 7318
PLATE SE1: CD " 0.734 - 0.45#
PLATE SE2: CD " 0.663 -- 0.61#
* At this point, plate SE2 was removed to increase the maximum flowrate.
169.
PLATE SE1, ’5cP' OIL FLOW
DIAMETER RATIO = 0. 098
M T t t % ReD C
kgm °F gm/ml sec cP cm
5 64.0 0.8373 137.49 4.28 151. 6 283.9 0.7226
137. 68 151.55 283,6 0.7217
137-76 151.4 283. 4 0.7217
138.38 151.15 282.1 0.7190
152.10 124.15 256.7 0.7218
151.66 124.05 257.4 0. 7242
153.23 124.0 254. 8 0.7169
151.94 123.9 256.9 0.7233
152.30 123.7 256 .3 0.7222
174.07 94.62 224.3 0.7225
174.61 94.17 223.6 0.7219
64.5 0.8371 175.48 4. 24 93-9 224.6 0.7196
174.75 93.7 225.5 0.7233
211.71 63.8 186.1 0.7236
64.8 0.8370 211.14 4. 23 63.5 187.1 0.7273
212.11 63.25 186.2 0.7254
212. 55 63.15 185.8 0.7245
' 265.70 39-84 148.7 0.7297
268.16 39. 65 147.3 0. 7247
268. 43 39.50 147.2 0.7254
268.16 39-40 147.3 0.7270
414. 87 16.66 95.2 0.7226
4l6.11 16.39 94.9 0. 7264
CD = 0.725 - 0.39%
170.
PLATE SE2, ’5c p’ OIL FLOW
DIAMETER RATIO = 0. 097
I M 
kgm
5
T e t %
°F gm/rnl sec cP
61.0 0.8989 127.48 
126.99  
126.62  
127.00
4.48
61.5 0.8981 199-59 
198.19
4.45
61 .8 0.8980 198. 61 
198.09
4.49
62 .0 152.95 
192.48 
155. 69
152.96
4.42
62.5 0.8978 177.06  
176. 64 
176.97 
177.86
4 .98
62.7 217. 29 
'215. 81 
217.48
4 .96
69.O 0.8976 279.95
457.99
4.95
hP Re n D CDcm
172. 9 292. 6 0. 7440
172.85 295.2 0. 7508
172.85 294.6 0. 7491
172.55 295.7 0.7475
146.4 275.5 0. 7505
146. 2 271.7 0. 7465
146.15 272.1 0, 7445
146. 05 275.2 0. 7477
119.4 248. 2 0. 7495
119.1 247.9 O.7497
119.0 246.1 0. 7444
118.7 248.1 0. 7515
89.17 215.5 0. 7465
88.50 215. 5 0. 7517
88.50 216.5 0.7529
88. 22 214.5 0. 7469
58. 40 176. 4 0. 7516
58.50 177.6 0.7572
58.15 176.2 0. 7524
57.10 140.5 0.7496
15.09 84.0 0. 7542
CD = 0.749 * 0.44<£
171.
PLATE C3 , WATER FLOW 
ORI FI  CE DI AMETER =
P I P E  DIAMETER  
DIAMETER RATIO 
TEMPERATURE = 19
DENSITY
VI SCOSI TY  =
WT( GM> T( SEC) H( MMWG)
3 7 .  4 8 0 . 9 0 4 5 8 . 0
3 7 .  3 7 2 .  40 5 6 3 .  5
2 9 .  5 6 7 .  68 4 0 2 .  0
2 o ♦ 8 69 . 66 3 0 8 .  5
2 5 .  6 8 7 .  55 13 0 . 0
2 3 .  6 1 0 3 . 1 0 1 1 0 . 3
3 0 .  4 65 .  34 4 6 0 . 8
3 3 - 9 6 2 .  55 6 2 4 . 3
1 4 . 8 1 0 8 . 7 0 38 . 3
1 5 . 0 1 3 7 . 1 0 25*  0
2 1 . 7 64 .  69 2 38 • 7
3 6 .  3 7 4 . 8  4 5 0 0 .  2
3 7 .  3 9 3 .  06 341 . 7
21 . 5 1 1 2 .  60 7 6 . 8
2 2 .  1 8 5 . 2 1 1 4 0 .  5
0 5 2 5  CM . 
551 CM.
09 54  
3 C
9 9 9 1 GM/CC 
0101 POISE
:ec p > REC 0 ) CD
105-  1 1 1 0 3 . . 7 1 1 0
1 1 7 . 2 1229 . . 71 47
9 9 . 2 1 0 4 0 . . 71 58
8 7 . 5 9 1 7. . . 7 2 0 7
66 .  7 6 9 9 . . 7 1 9 3
5 2 .  1 5 4 7 . . 7 182
1 0 5 . 9 1 1 1 1 . . 7 1 4 2
1 2 3 .  3 1 29 4. . 7 1 45
3 1 .  0 3 2 5 . . 7239
2 4 .  9 2 6 1 . . 7 2 1 0
7 6 .  5 8 0 3 . . 7 1 7 1
1 1 0 . 5 1 1 5 8 . . 71 48
9 1 . 2 9 5 7 . . 71 43
4 3 .  6 4 5 7 . . 7 1 9 6
5 8 . 9 6 1 8 . . 7 1 9 7
STANDARD DEVI AT I ON OF MEAN CD = + 0R-  
CD = . 71 72 + OR- . 48 0 PER CENT.
. 0034
PLATE CA > WATER FLOW 
O R I F I C E  DIAMETER = 
P I PE  DIAMETER  
DIAMETER RATIO = 
TEMPERATURE =
DEN SI TY 
VISCOSITY
WTC GM) T( SEC) H( MM WG)
7 3 .  2 1 6 6 . 9  0 398 . 1
8 0 .  9 1 7 3 . 9 0 39 6.  1
43* 0 3 3 3 . 2 0 29 . 6
3 0 . 9 2 4 6 .  10 2 7 .  4
4 6 .  5 249 . 10 61 • 2
4 5 . 9 249 . 60 6 0 .  4
1 28 . 1 2 3 5 . 8 0 5 4 0 . 9
1 27 .  3 2 3 5 .  20 5 3 6 .  4
8 3 - 8 29 6 . 2 0 1 45 .  3
53 . 0 2 0 6 . 3 0 1 43.  1
8 2 .  7 2 1 8 . 9  0 261 . 0
8 3 .  6 219 . 40 2 6 4 .  3
STANDARD DEVI ATI  ON OF MEAN
CD = . 7 3 2 6  +OR-  . SS9
. 0 5 4 1  CM. 
. 5 5 1  CM.
. 098 1 
. 6 C
. 9 9 9  4GM/CC 
. 0 1 0 5  PQISE
EC P) REC 0 ) CD
10 3.  1 1 351 . . 7 30 5
1 0 2 .  4 1 3 43 .  ‘ . 727  1
23 .  4 239 . . 7 37 9
2 7 .  6 28 2. . 7 4 6 2
41 . 1 419 . . 7 4 2 3
40 .  5 4 1 2 . . 7 3 6 0
1 1 9 . 6 1213* . 7 2 6 6
1 1 9 . 1 1 2 1 4 . . 7 2 69
62 .  3 6 3 4 . . 7301
61 . 9 631 . . 7 3 1 1
8 3 .  1 ' 8 47 . . 7 2 7 4
8 3 . 9 8 5 5 . . 729  1
CD = + OR- • 0 0 6 5
PER CENT.
173-
PLATE C2 x HYDROGEN FLOW
ORI FI  CE DI AMETER — « 0 5 1 4  CM.
P I P E  DIAMETER 551 CM.
DIAMETER RATIO 09 33
TEMPERATURE = 1 6* 0 C
NOMINAL PRESSURE 2 1 4 * 7 P S I A
NOMINAL DENSITY 0 01 2 3 1  G/CC.
V I SCOSI TY = 8 7 . 0 MI CROPOI SE
PC PSI  G) TC SEC) H C MM WG> REC P) RECO) CD
199 * 0 5 2 . 8 3 9 4 .  4 1 90 .  3 2039  . . 7251
1 9 8 * 8 5 2 * 8  5 9 4 .  3 19 0 * 0 2 0 3 6 . . 7249
198 * 6 5 2 . 9 2 9 4 * 0 189 .  6 2031 . . 72  48
198*  5 5 2 . 8 6 9 4 .  0 1 8 9 .  7 2 0 3 3 * . 7 2 5 4
201 * 5 1 5 .  35 1 1 3 5 . 0 6 5 8 .  1 7 0 5 0 * . 721 6
201 * 5 1 5* 40 1 1 38 * 0 6 5 5 * 9 7 0 2 7 * . 7 1 8 3
201 * 5 1 5.  36 1 1 39 . 0 6 5 7 .  6 7 0 4 5 . . 7 199
201 * 6 1 5.  39 1 1 4 0 . 0 6 5 6 * 6 7 0 3 5 . . 7 1 8 3
199 * 0 3 2 .  67 248 * 0 3 0 7 .  4 329 3 . . 7231
198 . 7 32*  63 2 4 8 * 0 3 0 7 .  3 329 3. . 7 2 3 5
198*  5 3 2 .  64 2 4 7 . 5 3 0 7 .  0 3289  . . 7 2 3 6
1 9 8 * 4 32 .  68 2 4 7 * 0 3 0 6 .  4 328 3. . 7 2 3 3
2 00 *  0 7 2 . 9  5 5 0 .  2 1 38 .  5 1 48 4. . 7 2 1 9
1 9 9 * 8 7 3 .  06 5 0 .  0 1 38 . 2 1 43 0 . . 7 219
199*  6 7 2 . 9 3 5 0 .  0 1 3 8 . 3 1 48 1 . . 7 22 9
199 * 5 73*  03 50*  0 1 38 .  0 1 4 7 9 . . 721 7
2 0 0 *  3 2 5 .  53 4 0 8 .  5 39 5.  3 4 2 3 6 . . 7 22 8
2 0 0 *  4 2 5 .  50 409 . 0 39 6 . 0 4 2 4 3 . . 7 2 3  4
2 0 0 *  A 2 5 .  48 4 0 9 . 0 39 6.  3 4 2 4 6 . . 7 2 4 0
2 0 0 .  5 2 5 .  42 409 * 0 39 7 .  4 42 5 8 . . 72  58
1 99 .  5 19.  55 69 6.  5 5 1 3 .  4 5 5 0 0 . . 7 20 9
1 99 .  5 19 . 52 69 7 .  0 51 4 . 2 5 5 0 3 . . 7 2 1 7
1 9 9 .  5 1 9 . 5 1 6 9 8 . 0 5 1 4 .  4 551 1. . 721 6
1 9 9 .  6 1 9 . 4 2 69 8 . 0 5 1 7 . 0 5 5 3 9 . . 7251
2 0 0 .  5 42*  43 1 4 8 .  0 2 3 8 . 2 2 5 5 2 . . 7 2 2 6
2 0 0 .  5 4 2 .  31 1 43 • 0 2 3 9 . 2 2 5 6 3 . . 7 2 5 5
2 0 0 .  5 4 2 .  32 1 4 8 . 0 2 3 9 .  1 2 5 6 2 . . 7 2 5 4
2 0 0 .  5 4 2 .  35 1 4 8 .  2 2 3 9 .  0 2 5 6 0 . . 7 2 4 4
STANDARD DE V I A T I ON OF MEAN CD = +OR- . 0 0 2
CD = . 7 23 + 0 R- . 28 3 PER CENT •
Yjk.
PLATE C2 , HYDROGEN FLOW
OR IF ICE DIA ME TER =
P I P E  DIAMETER =
DI A METER RAT 10 =
TEMPERATURE = 2!
NOMINAL PRESSURE 21 •
NOMINAL DENS IT Y =
V I S C O S I T Y 8
P CPS IG ) T (SEC ) HCMMWG)
20 0  .5 1 9 . 24 70 9 .5
20 0  .5 1 9 . 1 8 71 3 .0
200  «5 1 9 . 1 9 710 .5
2 0 0  .5 1 9 . 22 7 1 0 .0
2 00  .5 1 9 . 1 8 7 1 0 .0
1 99 .2 69  . 73 53 .0
1 90 . 8 69  .93 52 . 9
1 9 8  .3 6 9 . 96 52 . 8
1 9 8 . 0 6 9 . 9 3 52 .7
1 97 o 9 69 . 9 5 52 .7
1 99 .1 37  . 33 1 86 .5
1 9 8 . 9 3 7 . 3 1 1 86 .2
1 9 8 . 7 37 . 2 8 1 86 .3
1 9 8 . 7 37 . 35 1 86 .3
1 9 8 . 7 37 . 34 1 86 .2
2 0 0  .7 52 .00 97 .0
2 0 0  .6 51 . 8 9 96 . 9
20<3 .5 51 . 9 5 97 .3
203  .4 51 . 84 . 97 .0
2 3 0  .4 51 . 93 97 .1
201 .0 24  . 42 43 8 . 0
201 .1 2 4  . 4 8 4 3 8 . 5
231 .1 24  . 3 8 4 3 8  . 8
201 .2 24  .41 4 3 9  .3
201 .2 24  . 3 9 43 9 .0
201 .7 1 5 .31 1 125  .0
201 . 7 1 5 .2 7 1 12 5 .0
201 . 8 1 5 . 2 4 1 125 .0
201 . 8 1 5 . 2 4 1 1 26  .0
231 . 8 1 5 . 20 1 1 2 8 .0
STANDARD D E V I A T I O N  OF MEAN 
CD = . 7 2 2 5  +OR-  .19;
.0 5 14  CM.
.551 CM.
.0 933  
. 5  C 
. 7  PS IA 
. 0 0 1 2 0 5  6 / C C .  
. 5  MICROPOISE
R E ( P ) RE CO) CD
504  .3 5 4 0 3  . .71 97
50 5 . 9 5 42 0  . .721 7
53 5 ®6 541 7 . . 721 1
50 4 . 8 540  8 . . 7 2 0 2
505  . 9 5 420  . .721 7
13 8 . 9 1 4 8 8 . . 7 2 5 8
13 8 . 3 1 4 82 . . . 7241
1 3 7 . 9 14 7 7 . . 7 2 3 3
13 7 . 7 1 4 7 6 . . 7 2 3  8
137 .6 1 4 74  . . 7 2 3 4
2 5 9 . 1 2 7 7 6  . . 7 2 2 3
2 5  9 .3 2 7 7 5  . . 7 2 2 9
2 5 9  .0 2 7 74 . . 7 2 3 0
2 5 8 . 5 2 7 6 9 . . 721  6
2 5 8 . 6 2 7 70 . . 7 2 2 0
1 87 . 5 2 0 0  9 . . 721  9
1 87 . 8 20 1 2 . . 7 2 3 6
1 87 . 5 2 00  9 . . 7 2 2 3
I 87 . 8 20 12 . . 7 2 3 6
1 87 .6 20 10 . . 7 2 2 4
3 99  .3 42 74 . . 7231
3 9 8 . 2 42 66 . .721 1
3 9 9  . 8 42 83 . . 7 2 3  8
3 9 9 . 5 42 80 . . 7 2 2 9
3 9 9 . 8 42 83 . . 7 2 3 5
6 35  . 5 6 80 9 . . 7 1 9 4
63 7 .2 6 82 7 . . 7 2 1 2
63 8 . 7 6 8 4 3  . . 7 2 2  8
63 8 . 7 6 8 4 3  . . 7 2 2  5
640 *4 6 861 . . 7 2 3  8
CD = +0R - . 00  1 4
PER CENT .
175*
PLATE C2 , NITROGEN FLOW
O R I F I C E  DIAMETER  
P I P E  DIAMETER  
DIAMETER RATIO 
TEMPERATURE 
NOMINAL PRESSURE 
NOMINAL DENSITY  
V I SCOS I TY
. 0 5 1 4  CM.
. 5 5 1  CM.
. 0 9  33  
1 5.  0 C 
1.464.  7 PS I A
. 1 1 85 0 0  G/CC.  
19 5.  5 MI CROPOI SE
PC PSI  G) T ( SEC) HCMMWG) REC P) RECO) CD
1 4 4 5 . 0 3 7 .  41 6 6 3 . 0 2 0 6 5 . 8 2 2 1 3 2 . . 7 2 1 7
1 4 4 5 .  0 3 7 .  39 6 60« 0 2 0 6 6 . 9 2 2 1 4 4 . . 7 2 3 7
1 4 4 5 . 0 3 7 .  53 658 . 0 2 0 5 9 . 2 2 2 0 6 1 . . 7221
1 4 4 5 . 0 3 7 . 5 9 6 5 6 .  0 2 0 5 5 . 9 2 2 0 2 6 . . 7221
1 4 4 5 . 0 3 7 .  57 6 5 3 .  5 2 0 5 7 . 0 2 2 0 3 8 . . 7238
1 4 5 3 . 0 1 4 0 . 6 0 4 6 . 9 5 5 2 . 9 5 9 2 4 . . 7 2 4 4
1 4 5 2 . 0 1 38 .  70 4 7 .  6 5 60 .  1 6 0 0 1 . . 7 2 8 7
1 4 5 1 . 0 1 3 7 . 8 0 43 . 3 5 6 3 .  4 6 0 3 6 . . 7278
•1 4 5 0 .  0 1 3 7 . 1 0 48 . 6 5 6 5 . 9 60 63 * ' . 7 29 0
1 4 5 0 . 0 1 3 6 * 9 0 49 . 1 5 6 6 .  7 6 0 7 2 . . 7 2 6 3
1 4 4 9 . 0 51 . 35 3 5 7 .  5 1 5 0 9 . 5 1 6 1 7 2 . . 71 72
1 4 5 0 . 0 51 . 07 3 5 5 .  5 1 5 1 8 . 8 1 6 2 7 2 . . 7 2 3 5
1 4 5 0 . 0 5 1 . 0 3 3 5 4 .  5 1 5 2 0 . 0 1 628 5. . 7 2 5 0
1 4 5 0 . 0 5 1 .  19 351 . 0 1 5 1 5 . 2 1 6 2 3 4 . . 7 2 6 4
1 4 5 0 . 0 . 5 1 . 3 4 3 5 0 .  5 1 5 1 0 . 8 1 6 1 8 6 . . 7 2  43
1 4 5 0 . 0 6 7 .  2 4 2 0 5 .  0 1 1 5 3 . 7 1 2 3 6 0 . . 7 2 3 6
1 4 5 0 . 0 67 .  0 4 2 0 5 .  0 1 1 5 7 .  1 1 239 7 . . 7 258
1 4 5 0 . 0 6 7 .  34 2 0 5 .  0 1 1 5 2 . 0 1 2 3 4 2 . . 7 2 2 6
1 4 5 0 . 0 6 6 . 8 9 2 0 5 .  0 1 1 59 . 7 1 2 4 2 5 . . 7 2 7 4
1 4 5 0 . 0 6 6 . 8 5 2 0 5 .  0 1 1 6 0 . 4 1 2 4 3 2 . . 7 279
1 4 6 0 . 0 2 8 .  66 1 1 58 . 0 2 7 2 3 .  0 29 1 7 3 . . 7 1 68
1 459 . 0 2 8 .  41 1 1 5 7 . 0 2 7 4 5 .  1 2 9 4 1 0 . . 7231
14 59 . 0 2 8 * 3 5 1 1 58 . 0 2 7 5 0 . 9 29 4 7 2 . . 7 2 4 3
1 4 6 0 . 0 2 8 .  60 1 1 5 8 .  0 2 7 2 8 *  7 29 2 3 4 . . 7 1 8 3
1 4 6 0 . 0 2 8 * 5 3 1 1 59 . 0 2 7 3 5 . 4 29 3 0 6 . . 7 1 9 7
1 4 4 9 . 0 9 3 .  07 1 0 4 .  7 8 3 3 .  0 8 9 2 5 . . 7 3 1 3
1 4 4 8 .  0 9 2 . 9 6 1 0 5 .  5 8 3 3 .  4 89 29 . . 729 1
1 448 . 0 9 2 .  05 1 0 6 .  7 8 41 . 7 9 0 1 7 . . 7 3 2 2
1 4 4 7 . 0 9 1 . 9 8 1 0 7 . 8 8 4 1 . 7 9 0 1 8 . . 728  7
1 4 4 7 . 0 9 3 . 5 7 1 0 5 .  3 8 2 7 . 4 8 8 6 5 . . 7 24 8
STANDARD DEVI AT I ON 0 F MEAN CD = +OR- . 0 0 3 8
CD = . 7 2 4 7  +OR-  . 5 2 6  PER CENT.
176.
PLATE C2 , NITROGEN FLOW
ORI FI  CE DI AMETER ZZ • 0 5 1 4  CM •
P I P E  DIAMETER ~ • 551 CM.
DI AMETER RATIO ZZ • 09 33
TEMPERATURE = 19. 3 C
NOMINAL PRESSURE = 1 4 6 4 . 7 P S I A
NOMI NAL DENSITY ZZ e 1 1 6 5 0 0 G/CC.
VI SCO SITY 197 . 0 MI CROPOI SE
PC PSI  G) TC SEC) HCMMWG) REC P) RECO)
1 4 3 3 . 0 9 2 .  69 1 0 4 . 8 8 09 . 9 8 6 7 7 .
1438 . 0 9 2 . 9 2 1 0 4 .  0 8 0 7 . 9 8 6 5 6 .
1 4 3 8 .  0 9 3 . 0 3 1 0 3 .  3 8 0 7 .  0 3 6 4 5 .
1 4 3 3 . 0 9 3 .  75 1 0 3 .  2 8 0 0 . 8 8 579 .
1 4 3 3 . 0 9 3.  26 1 0 3 . 0 8 0 5 .  0 8 6 2 4 .
1 4 4 3 . 0 4 0 .  49 5 7 0 .  0 18 59 . 7 1 9 9 2 4 .
1 4 4 4 .  0 4 0 .  54 5 6 7 .  5 18 58 . 7 199 1 3.
1 44 4.  0 4 0 . 3 0 ' 5 6 7 .  0 18 69 . 8 2 0 0 3 2 .
1 4 4 3 . 0 4 0 .  07 5 69 . 0 18 7 9 . 2 2 0 1 3 3 .
1 4 4 3 . 0 4 0 .  28 5 6 3 .  5 18 69 . 4 2 0 0 2 8 .
1 4 3 8 . 0 28 . 29 1 1 1 0 . 0 2 6 5 1 . 3 28 4 0 5 .
1458 . 0 2 7 . 9 7 1 1 6 7 . 0 2 7 1 8 . 5 29 1 25 .
1 4 5 7 . 0 2 8 .  1 4 1 1 69 . 0 2 7 0 0 . 2 289 2 9 .
1 4 5 7 . 0 2 7 . 9  3 1 1 7 1 . 0 2 7 2 0 . 5 29 1 4 7 .
1 4 5 7 . 0 23 . 00 1 1 7 2 .  0 2 7 1 3 . 7 29 0 7 4.
1 4 4 3 . 0 1 2 0 . 1 0 63 .  0 6 2 7 . 2 6 7 2 0 .
1 4 4 1 . 0 1 1 7 . 6 0 6 5 .  4 6 3 9 .  7 68 5 4 .
1 4 4 2 . 0 1 1 9 . 7 0 6 4 .  1 628 . 9 67 3 8 .
1 4 4 2 . 0 1 2 5 . 3 0 5 3 . 0 6 0 0 * 8 6 4 3 7 .
1 4 4 0 . 0 1 2 4 .  30 5 9 .  1 6 0 4 . 8 643 0 .
14 4 7 . 0 6 8 . 3 7 19 7 . 0 1 1 0 4 . 7 1 1 8 3 6 .
1 4 4 7 . 0 68 . 1 6 1 9 7 .  5 1 1 08 * 1 1 1 8 7 2 .
1 4 4 7 . 0 6 7 . 6 9 1 9 7 .  0 1 1 1 5 . 8 1 1 9 5 5 .
1 4 4 7 . 0 6 7 .  75 19 6.  5 1 1 1 4 . 8 119 4 4 .
1 4 4 6 . 0 6 7 . 7 9 19 6.  2 1 1 13.  4 1 1929 .
CD 
. 7 23 8  
. 7243  
. 7 2 6 4  
. 7 2 1 2  
. 7 2 5 7  
. 7 1 1 7  
. 71 27  
. 71 72  
. 7 198 
. 71 64  
. 728  4 
. 7 2 4 0  
. 7 1 8 8  
. 7 2 3 6  
. 721 4 
. 721 9  
. 7 2 3 0  
. 71 78 
. 7209  
. 7 1 9 3  
. 7 182  
. 7 1 9 5  
. 7 2 5 4  
. 7 2 5 7  
. 7 2 5 5
STANDARD DEVI AT I ON OF MEAN CD = + OR-  
CD = . 7 2 1 3  + OR- . 5 8 6  PER CENT.
. 00 42
PLATE C3 > HYDROGEN FLOW 
ORI FI  CE DI AMETER =
P I P E  DIAMETER = 
DIAMETER RATIO = 
TEMPERATURE =
NOMINAL PRESSURE = 
NOMINAL DENSITY =
VI SCO SI TY =
. 0 5 2 5  CM.
. 5 5 1  CM.
. 09 5 4 
1 4.  0 C 
21 4.  7 PSI  A
. 0 0 1 2 4 0  G/CC.  
8 7 . 0  MICROPOI  SE
P( PSI  G> TC SEC) HCMMWG) RE( P) RECO) CD
199 A 2 4.  60 408 . 0 4 1 1 . 6 431 6. . 7 2 0 3
199 3 2 4 .  54 409 . 0 4 1 2 . 4 4 3 2 5 . . 7 2 1 0
199 3 2 4 .  58 409 . 0 4 1 1 . 7 4 318* . 7199
199 2 2 4 .  62 4 1 0 . 0 4 1 0 . 8 4 3 0 9 . . 7 1 7 7
199 8 67.  42 5 4 .  3 1 5 0 . 8 1 58 2 . . 7 219
199 5 6 7 .  40 54 .  1 1 5 0 .  6 1 58 0 . • . 7 2 3 0
199 3 6 7 .  40 5 4 .  2 1 50 .  5 1 5 7 8 . . 7 2 2 0
199 2 6 7 .  39 5 4 .  2 1 50 .  4 1 5 7 8 . . 7 219
201 0 5 2 .  60 9 0 .  0 19 4.  3 2 0 3 8 . . 7 2 0 7
20  1 0 5 2 .  76 8 9 .  5 1 9 3 .  7 2 0 3 2 . . 7 2 0 5
201 0 5 2 .  72 8 9 .  3 1 9 3 . 9 2 0 3 3 . . 7219
201 0 5 2 . 7 1  n 8 9 .  5 1 9 3 . 9 2 0 3 4 . . 7 2 1 2
201 1 1 4.  67 1 1 4 0 . 0 69 2 .  3 7 2 6 0 . . 7 23 9
2 0 0 8 1 4.  66 1 1 3 7 . 0 69 1 . 8 7 2 5 5 . . 7 2 4 8
2 0 0 9 1 4 .  72 1 1 38 . 0 6 8 9 .  3 7 2 2 9 . . 721 7
201 0 1 4.  65 1 1 39 . 0 69.2.9 7 2 6 7 . . 7 2 5 0
201 1 18.  72 7 0 6 .  0 5 4 4 .  1 5 7 0 6 . . 7 21 3
201 A 18.  72 7 0 6 .  0 5 4 4 . 8 57 1 4. . 7 2 2 3
201 A 1 8 * 8  1 7 0 6 .  0 5 4 2 .  2 568 6. . 7 188
201 5 1 8 . 7 6 7 0 6 .  0 5 4 3 . 9 5 7 0 4 . . 7 2 0 9
198 9 3 1. 09 2 5 2 .  0 3 2 5 .  2 341 1 . . 7 2 4 7
199 0 3 1 * 1 4 2 5 2 .  0 3 2 4 . 9 3 4 0 7 . . 7 2 3 7
198 9 3 1 . 1 5 2 5 2 .  0 3 2 4 .  6 3 4 0 4 . . 7 2 3 3
198 9 31 . 0 5 2 5 2 .  0 3 2 5 . 6 341 5. . 7 2 5 7
199 2 3 9 .  56 1 5 4 .  0 2 5 6 .  1 268 6 . . 7 2 9 3
198 8 39 . 67 1 5 5 . 0 2 5 4 . 9 2 6 7 3 . . 7 2 4 3
• 198 9 3 9 .  61 1 5 5 .  0 2 5 5 .  4 2 6 7 9 . . 7 2 5 5
198 8 3 9 .  52 1 5 5 .  5 2 5 5 . 9 2 6 8 4 . . 7 2 5 9
STANDARD DEVIAT I ON OF MEAN CD = +OR- . 0 0 2 5
CD = . 7 2 2 6 + OR- . 3 4 3 PER CENT
178.
P LAT £ C3  ^ • iv ITE OGE N F LOW 
OR I F I CE  DIAMETER =
P I PE-  D IA ME TER 
DIAMETER RAT I O  
TEMPERATURE =
NOMINAL PRESSURE = 
NOMINAL DENSI TY  = 
V I S C O S I T Y
. 0 5 2 5  CM.
• 5 51 CM.
.0 95 4 
1 5 . 5  C 
146 4 * 7  PS IA
. 1 1 8 2 0  0 6 / C C .  
1 9 6 . 0  MICROPOISE
P CPS IG ) T (SEC ) H C MMT//G ) RE CP ) RE CO)
1 44 8 .0 50 .70 3 3 6 *5 1 520 .2 1 5 943 .
1 44  8 . 0 53 *85 3 35  .5 1 5 1 5 . 7 15 896  .
144  8 .0 50 .91 333  .5 1513  . 9 1 5 8 7 7 .
1 44 8 .0 50 .74 3 32 .3 1 51 9 .3 1 5 93 3 .
144  8 .0 53 .7 8 3 31 .5 1 5 1 7 . 8 15 9 1 8 .
1 4 50 .3 2 7 . 4 8 1 1 44 .0 2 80 6 .6 2 943 4 .
1 4 50 .0 27  . 74 1 1 42 .0 2 7 83 .3 291 5 8  .
1 4 53 .3 2 7 . 5 8 1140 .0 2 7 96 .5  . 2 932 7  .
1 4 50 .0 27  . 72 1 1 37 .0 2 7 82 .4 2 917 9 .
1451 .3 2 7  .63 1 1 35 .3 2 7 9 3  .3 2 92 94 .
1 4 52 .0 3 5 .33 6 93 .3 2 1 8 8 . 7 2 2 9 5 4  .
1 4 52 .0 35 . 4 9 6 92 .3 21 77 .3 2 28 3 1  .
1 4 52 .0 35 . 46 6 92 . 3 2 1 7 8 . 8 22  853 .
1 4 52 .3 35 . 3 5 6 92 .0 2 1 8 5  .6 22  921 .
1 4 52 .3 3 5 * 3 6 6 91 .3 21 85 .3 2291 5 .
1 442  .0 1 2 4 .40 54 .6 6 1 7  .2 6 4 7 2  .
1 442  .0 124 .40 55 .6 61 7 .2 6 4 7 2  .
1 441 .3 123 .23 56 .2 622 . 8 6531 .
1441 .3 121 .93 5 7 . 0 62 9 .4 663 1 .
1 4 42 .3 124 .33 54 .6 61 7 .7 6 4 7 8  .
1 4 50 .3 87 .83 1 10 .5 879  .2 9221 .
1 4 53 .3 89 .1 5 10 9 .3 865 . 9 93 81 .
1451 .0 8 8 . 8 5 1 3 8 . 9 86 9 .4 9 1 1 8 .
1451 .3 8 9 . 2  1 13 8 . 9 865 . 9 90 81 .
1 451 .0 89 .12 13 8 . 5 866 . 8 93 93 .
1451 .0 64 .91 2 0 2  .5 1 1 93 .3 1 2 4 83 .
1 452 .0 65 . 4 8 2 03  .0 1 1 83 .4 1 237  9 .
1 452  .3 65 . 4 6 2 02  . 8 1 1 83 . 8 123 83 .
1 4 52 .3 65 .23 2 32  .3 1 1 85 .5 1 2 4 3 3  .
I 452  .0 65 .3 5 2 3 2 . 3 1 1 82 . 8 12 40 4 .
STANDARD D E V I A T I ON  OF MEAN CD = + OR-  
CD = . 7 1 9 8  +OR -  . 4 2 8  PER CENT.
CD 
. 7 1 83 
.71 73 
.71 86 
. 7 2 2 6  
. 7 2 2 6  
.71 91 
. . 712 9 
.71 77  
.71 50 
.71 83 
. 72 1 5 
.71 66  
.71 72 
.71 94 
.71 97 
. 72  52 
.71 86 
. 72 1 5 
. 7 2  40  
. 7 2 5 8  
. 7 2 4 5  
.71 74 
. 7 2 1 4  
.71 85 
. 7 2 0  6 
. 7241  
. 7 1 7 2  
.71 7 8  
. 721 6 
. 7 2 0 4
. 0 0 3 1
PLATE C4 , HELIUM FLOW 
O R I F I C E  DIAMETER =
P I P E  DIAMETER =
DI AMETER RATI  0 =
TEMPERATURE =
NOMINAL PRESSURE = 
NOMINAL DENSITY = 
VI SCOSI TY  =
. 0 5 4 1  CM.
. 5 5 1  CM.
. 09 8 1 
2 0 .  0 C
4 0 0 . 0  PSI  A
. 0 0 4 4 6 3  G/CC.  
19 4 . 0  MICRO POISE
PC PSI  G) TC SEC) HCMMWG) REC P) RECO) CD
39 9 . 5 3 6 .  00 6 2 0 . 0 471 . 6 4 8 0 6 . . 728  5
399 . 5 3 6 .  10 6 1 9 . 0 4 7 0 .  3 4 7 9 3 . . 7 2 7  1
399 . 0 3 6 .  06 6 1 9 . 5 4 7 0 .  3 4 7 9 2 . . 7 2 7 2
399 . 0 3 6 .  12 6 2 0 .  0 4 69 . 5 4 7 8 4 . . 7 2 5 7
39 6.  5 1 0 1 . 4 0 76 .  0 1 66 .  5 1 69 7. . 7 363
39 5.  5 1 0 1 . 2 0 7 7 .  1 1 6 6 .  5 1 69 6. . 7321
39 5.  0 1 0 1 . 1 7 7 7 . 2 1 6 6 .  3 1 6 9 5 . . 7 3 1 4
39 5.  0 1 0 1 . 1 2 7 7 .  1 1 6 6 .  4 1 69 6. . 7 3 2 2
39 5.  5 6 7 .  53 1 7 4 . 5 2 49 . 4 2541  . . 7 29 1
39 5.  5 6 7 .  38 1 74 .  2 2 49 . 9 2 5 4 7 . . 7 3 1 4
39 5.  5 6 7 .  42 1 7 4 .  1 249  . 8 2 5 4 5 . . 7 3 1 2
39 5.  5 6 7 .  32 1 7 4 .  1 2 5 0 .  2 2 5 4 9 . . 7 3 2 2
4 0 2 .  0 2 6 .  17 1 1 8 2 .  0 651 . 5 6 6 3 9 . . 7 2 7 3
4 0 2 .  0 2 6 .  18 118 1 . 0 6 5 1 .  2 6 6 3 6 * . 7 2 7 3
4 0 2 .  0 2 6 .  17 1 1 82 .  0 651 . 5 6 6 3 9 . . 7 2 7 3
4 0 2 .  5 2 6 .  22 1 1 8 3 .  0 6 5 1 .  0 6 6 3 4 . . 7 2 6 0
STANDARD DEVI ATI  ON OF MEAN CD = +OR- . 0 0 3
CD = . 729 6 + OR- . 4 1 7 PER CENT
180.
. 0 5 4 1  CM.
. 5 5 1  CM.
. 098  1 
21 . 0 C
1 8 1 4 . 7  PSI A
. 2 1 5 8 0 0  G/CC.  
2 5 5 .  0 MI CROPQI SE
PLATE C4 ,  ARGON FLOW 
ORI FI  CE DI AMETER =
P I P E  DIAMETER  
DIAMETER RATIO 
TEMPERATURE 
NOMINAL PRESSURE 
NOMINAL DENSITY  
VI SCO SI TY
PC PSI  G) TC SEC) HCMMWG)
18 08 0 37 1 1 1 135 0
18 09 0 37 34 1 1 19 0
1808 0 37 19 1 1 34 0
18 08 0 36 9 7 1 1 33 0
1807 0 37 1 3 1 126 0
1800 0 2 5 2 40 23 5
179 7 0 2 5 2 20 23 5
1 79 7 0 2 5 2 10 23 5
1 79 7 0 251 8 0 23 6
1 79 6 0 251 30 2 3 8
1805 0 45 59 7 52 0
18 05 0 45 55 7 47 0
1806 0 45 65 7 45 0
1807 0 45 9 5 741 0
1807 0 45 8 5 7 33 0
1800 0 1 78 00 47 0
1800 0 177 40 48 1
1802 0 1 78 10 47 0
1802 0 177 20 47 7
1803 0 1 78 10 47 9
1807 0 57 52 4 6 6 0
1807 0 57 9 6 4 64 0
1808 0 53 1 7 459 0
18 03 0 58 26 455 0
18 09- 0 58 28 452 0
1 79 7 0 1 19 70 106 0
179 7 0 1 13 9 0 1 06 0
1 79 6 0 1 13 70 1 06 5
179 6 0 1 18 10 1 07 8
179 6 0 1 17 60 108 1
18 09 0 8 3 53 2 2 2 0
1809 0 8 3 25 2 2 0 5
1809 0 8 3 55 2 2 0 5
18 10 0 8 3 27 2 2 0 0
1810 0 8 3 40 2 2 0 5
REC P) RECO) CD
29 30 2 298  60 . . 7 2 3 0
29 1 3 8 29 69 3. . 7 23 9
29 23 9 29 79 6. . 7 2 1 8
29 41 3 2 9 9 7 3 . . 7 2 6 4
29 27 0 29 8 2 8 . . 7 2 5 3
429 2 4 3 7 4 . . 7 3 7 6
428 9 4 3 7 0 . . 7 3 6 2
429 0 4 3 7 2 . . 7 3 7  1
429 5 4 3 7 7 . . 7 3 6 0
430 2 438 3.  ‘ . 7 338
238 1 8 2 4 2 7 2 . . 7 2 2 4
2 3 3 3 9 2 42 9  3. . 7 2 5 4
2 3 8 0 0 2 4 2 5 3 . . 7251
2 3 6 5 7 241 03 . . 7 2 2 5
2 3 7 0 9 2 4 1 6 1 . . 7 2 5 6
608 6 6 2 0 2 . . 7 3 9 0
610 7 6 2 2 3 . . 7 3 3 0
60S 9 6 2 0 5 . . 7 39 1
612 0 6 2 3 7 . . 7 3 7 4
609 3 6209 . . 7 3 2 3
1890 2 1 9 2 6 2 . . 7 279
1 875 9 19 1 16 . . 7 23 9
1870 1 1 9 0 5 7 . . 7 2 5 5
18 67 2 1 9 0 2 8 . . 7 2 7 6
18 67 6 1 9 0 3 2 . . 7 3 0 0
9 0 3 5 9 2 0 7 . . 7 309
9 09 6 9 2 6 9 . . 7 358
9 10 6 9 2 3 0 . . 7351
9 1 5 3 9 3 2 7 . . 7 3 4 3
9 19 1 9 3 6 7 . . 7 3 6 4
1 303 2 1328 1. . 7 2 6 3
1307 6 1 3 3 2 5 . . 7 3 1 7
1302 9 1 3 2 7 8 . . 729 1
1 308 0 1 3 3 2 9 . . 7 3 2 6
1306 0 1 3 3 0 9 . . 7 3 0 7
STANDARD D EVI A T I ON OF MEAN CD = + OR- . 0 0 5 4
CD = . 7 3 0 3  + OR- . 7 44  PER CENT.
FLOW
. 0 5 0 3  CM.
. 5 5 1  CM.
. 09 1 3 
19 . 5 C
2 1 4 . 7  PSI A
. 0 0 1 2 0 6  G/CC.  
8 3 * 0  MICRO POISE
P( PSI  G) TC SEC) H( MM 16) EEC P) REC 0 ) CD
2 00 8 2 3 .  39 437 0 4 1 3 . 3 453 7. . 7 39 3
2 00 6 2 3 . 2 9 43 6 5 4 2 0 . 3 4 6 0 3 . . 79 33
2 00 3 2 3.  43 435 0 4 1 7 . 7 4 5 7 5 . . 7 9 0 4
2 0 0 5 2 3.  37 43 6 0 4 1 3 .  6 453 5 • . 79 09
230 4 2 3 . 4 1 435 5 41 7.  7 457  5. . 7 8 9 3
201 0 4 8 . 3  7 9 7 6 201 . 1 2 2 3 2 . . 8 0 1 1
2 00 6 4 8 * 9  6 9 7 3 2 0 0 .  4 219 4. . 3 0 0 1
2 00 4 49 . 06 97 0 199 . 3 2 1 8 3 .  • . 799  4
2 3 0 3 43 . 8 9 9 7 5 2 0 0 . 3 2 2 0 0 . . 8  003
201 2 43 . 9 5 9 7 7 201 . 0 2 2 0  1. . 79 9 3
201 4 64 .  33 56 8 1 53 .  1 1 6 7 7 . . 793  6
2 00 4 6 4.  32 56 6 1 5 2 .  4 1 669 . . 7 9 8 3
2 00 9 6 4.  32 56 3 1 5 2 . 3 1 6 7 3 . . 7.9 78
2 00 2 6 4» 46 56 3 1 5 1 . 9 1 6 6 4 . . 7 9 3 3
200 6 64.  40 56 6 1 52.  4 1 6 69 . . 79 77
2 0 2 0 1 4.  53 1 1 46 0 6 7 2 .  5 7 3 6 6 . . 73 29
2 0 2 0 1 4.  60 114 6 0 671 . 6 7 3 5 6 . . 78 19
2 0 2 0 1 4.  54 1 1 46 5 6 7 4 . 4 7 3 3 6 . . 78 49
2 0 2 0 1 4.  53 1 1 47 0 6 7 2 .  5 7 3 6 6 . . 7 3 2 6
2 0 2 0 1 4.  57 1 1 47 0 6 7 3 .  0 737  1 . . 7331
2 00 1 1 7 . 9 5 7 54 0 5 4 2 .  9 59 4 5 . . 7 3 1 5
2 0 0 1 1 7 . 8 4 7 55 0 5 4 6 .  2 5 9 8 2 . . 78 53
2.00 1 1 7 . 3 7 7 55 0 5 4 5 . 3 5 9 7 2 . . 78 45
2 0 0 1 1 7 . 8 3 7 5 6 0 5 4 5 . 0 59 69. . 7 3 3 5
2 00 0 1 7 . 9 1 7 56 5 5 4 3 . 3 5 9 5 6 . . 7 3 1 3
198 8 3 3 .  70 2 07 0 288 . 4 3 1 5 9 . . 79 34
198 8 3 3 .  63 203 0 289 . 0 31 6 6 . . 79 31
198 8 33 .  54 208 0 2 8 9 . 3 3 1 7 4 . . 79 52
193 3 3 3 .  56 203 0 289 . 6 31 7 2 . . 79 43
198 9 3 3 .  53 203 5 2 9 0 .  0 31 7 7 . . 79 47
STANDARD DEVI ATI  ON OF MEAN CD = +OR- . 0 0 6 3
CD = . 79 1 7 + OR- . 8 6 4 PER CENT.
PLATE L 9 , HYDRO GEM 
O R I F I C E  DIAMETER = 
P I P E  DIAMETER 
DIAMETER RATIO  
TEMPERATURE =
NOMINAL PRESSURE = 
NOMINAL DENSITY =
VI SCO SI TY
182.
PLATE L9 , NITROGEN FLOW
ORI FI  CE DI AMETER • 0 503  CM •
PI PE DI AMETER 551 CM.
DI AMETER RATIO 09 1 3
TEMPERATURE 2 0 . 8 C
NOMINAL PRESSURE 1 4 6 4 . 7 PSI  A
NOMINAL DEN SI TY 1 15 6 0 0 G/CC.
VI SCO SI TY 19 7. 5 MICROPOISE
PC PSI  6) T( SEC) HC MM WG) REC P) REC 0) CD
1 4 5 0 . 0 3 6 .  09 6 4 4 .  0 2 0 7 4 . 9 2 2 7 2 4 . . 7 8 3 7
1 449 . 0 3 6 . 3 3 641 . 0 2 0 5 6 . 9 2 2 5 2 8 . . 7 7 9 0
1 4 4 3 . 0 3 6 .  41 639 . 0 2 0 5 3 . 8 2249  4. . 7 7 9 2
1 4 4 7 . 0 3 6 .  30 635 .  0 20 58.  7 2 2 5 4 7 . . 78 33
1 4 4 7 . 0 36 .  36 6 3 7 . 0 2 0 5 5 . 3 2 2 5 0 9 . . 73 1 2
1 4 4 3 . 0 11 5 . 8 0 60.  8 6 4 6 .  1 7 0 7 6 . . 79 45
1 4 4 6 .  0 1 1 5 . 0 0  . 6 1 * 6 649 . 7 7 116 . . 79 42
1 4 4 2 . 0 1 1 3 . 1 0 64 .  2 6 5 3 * 3 7 2 1 5 . . 7398
1 4 4 3 . 0 1 1 3 . 5 0 63-  7 6 5 6 . 9 7 1 9 5 . . 7 9 0 4
1 4 4 5 . 0 1 1 4 . 1 0 6 1 . 9 654*  4 7 1 67 . . 7 9 3 2
1 4 5 0 . 0 8 0 .  1 5 1 3 3 .  0 9 3 4 .  7 1 0 2 3 7 . . 7 7 6 7
1 4 5 1 . 0 79 . 43 1 3 2 .  5 9 4 3 .  3 1 0 3 3 7 . . 7 8 5 5
1 4 5 0 . 0 79 . 75 1 3 2 . 0 9 39 . 4 1 0 2 3 3 . . 78 35
1 4 5 0 . 0 79 . 59 1 3 2 .  0 9 4 1 . 3 1 0 3 0 9 . . 7351
1 4 5 0 . 0 79 .  47 1 3 2 .  1 9 4 2 .  7 1 0 3 2 4 . . 73 60
1 4 5 7 . 0 4 5.  4 4 429 . 0 1 6 5 6 .  1 1 8 1 3 3 . . 7648
1 4 5 6 .  0 45 .  33 421 . 5 1 659 . 0 1 3 1 7 0 . . 7731
1 4 5 7 . 0 45 .  28 4 2 5 .  0 1 6 6 2 . 0 1 3 2 0 2 . . 7 7 1 1
1 4 5 5 .  0 45 .  20 4 2 0 . 0 1 6 6 2 . 7 1 8 2 1 0 . . 7 7 6 4
1 4 5 7 . 0 4 5 .  0 3 4 2 4 .  0 1 6 7 1 . 2 1 8 3 0 3 . . 7 7 6 3
STANDARD DEVI A T I ON OF MEAN CD = + OR-  
CD -  . . 7326  +OR- 1 . 07 5  PER CENT.
. 0034
PLATE L 9 > MI TRO GEM PLOW 
O R I F I C E  DIAMETER =
P I P E  DIAMETER  
DIAMETER RATIO 
TEMPERATURE 
NOMINAL PRESSURE = 
NOMINAL DENSITY =
VI SCO SI TY
. 0  503  CM.
. 5 5 1  CM.
. 09 1 3 
2 1 . 5  C 
1 4 6 4 .  7 PSI A
. 1 1 5 4 0 0  G/CC.  
1 9 3 . 0  MI CRQPOI SE
PC PSI  G> TCSEC) HC MM WG> REC P) REC 0 ) CD
1 451 . 0 • 41 1 5 493 . 0 13 1 3 5 193 6 1 . . 7 3 1 2
1 451 . 0 41 42 49 6.  5 1301 6 19 7 3 2 . . 7 7 7 3
1 4 5 2 . 0 41 53 49 0 .  5 1 79 3 1 19 69 3. . 78 03
1 4 5 2 . 0 41 32 49 1 . 5 1807 2 19 7 9 3 . . 73 34
1 45 1 . 0 41 23 49 3.  0 13 07 3 19799 . . 7 32 7
1 443* 0 1 30 40 43 . 1 5 69 4 6 2 3 6 . . 7 9 1 0
1 4 4 3 . 0 129 30 5 0 .  7 574 2 6239  . . 77 70
1 4 4 3 . 0 1 29 50 49 . 9 573 3 6279  . . 7 3 2 0
1 4 43 . 0 1 29 40 5 0 .  2 • 573 3 623 4. . 73 03
1 443 . 0 1 29 30 49 . 3 574 2 6239  . . 73 79
1 4 6 0 . 0 93 55 39 . 7 7 62 1 3 3 4 7 . . 7 7 1 4
1 4 6 0 . 0 9 3 46 39 . 1 7 6 2 8 8 3 5 5 . . 7 74 7
1 4 60. 0 9 7 9 2 39 . 3 767 0 3 40 1 . . 7 73 1
1 4 6 0 . 0 93 13 39 . 2 7 65 0 8 3 7 3 . . 7 7 6 5
1 4 60 . 0 93 3 1 89 . 7 7 60 1 8 3 2 5 . . 7 6 9 4
1 4 6 0 . 0 27 35 1 1 2 7 . 0 2 7 4 3 8 3 0 0 5 0 . . 73 33
1 4 6 2 . 0 27 41 1 1 1 6 . 0 27 41 5 3 0 0 2 5 . . 73 65
1 461 . 0 27 36 1 1 2 3 -  0 2 7 4 4 6 3 0 0 6 0 . . 73 52
1 4 6 2 . 0 27 1 6 1 1 1 8 . 0 2 7 6 6 7 3 0 3 0 2 . . 7931
1 4 63 . 0 27 63 1 1 1 1 - 0 2 7 2 4 5 29 3 39 . . 73 32
1 4 4 3 . 0 34 37 7 0 2 .  5 2 1 6 6 4 2 3 7 2 6 . . 73 65
1443 . 0 34 39 7 0 1 . 0 21 65 1 237  1 3. . 73 69
1 443 • 0 34 41 7 0 3 .  0 21 63 3 2 3 6 9 9  . . 78 53
1 443 . 0 34 51 7 0 3 .  0 21 57 6 2 3 6 3 0 . . 7 3 3 0
1 443 . 0 34 36 7 0 3 .  0 21 67 0 2 3 7 3 3 . . 7 3 6 5
1 4 50 . 0 66 1 4 193 .  7 1 1 27 8 1 2 3 5 2 . . 779 1
1 4 5 0 . 0 65 3 0 19 3.  0 1 1 33 6 1 2 4 1 6 . . 7 3 4 6
1 4 5 0 . 0 66 35 19 0 .  5 1 1 24 2 1 2 3 1 3 . . 78 32
1 4 5 0 . 0 6 6 31 19 1 . 0 1 1 24 9 1 2 3 2 0 . . 78 26
1 4 50 . 0 65 9 5 19 4.  3 1 131 0 1 2 3 3 7 . . 7 3 0 2
STANDARD DEVI ATI  ON OF MEAN CD = + OR- . 0 0 5 2
CD = . 7321 + OR- . 670  PER CENT.
18k.
PLATE LI 5 ,  HYDROGEN PLOW '
OR IF  IC E D IA MET ER = *0 50 3 0 M .
P I P E  DIAMETER = *551 CM*
DIAMETER RATI O = . 0 9 1 3
TEMPERATURE •= 1 6 <>0 C
NOMI NA L PRESSURE = 2 1 4 . 7 PS IA
NOMINA L DENSITY = O 0 01 2 3 1 G/CC .
V I S C O S I T Y 87 . 0 MICROPOISE
P (PS IG ) T ( S E C > H ( MMWG) RE (P ) RE (O') CD
201 .5 1 A . 43 1 I 8 8 . 0 6 9 9 . 8 7 66 2  . . 7 8 3 7
201 . 8 1 4 . 4 3 1 1 90 .0 700 .7 7 67 3  . . 7 8 3 5
2 0 2  .0 ‘ 1 A . 3 5 1 1 92 .0 70 5 .3 7 / 2 3  . . 7  876
2 0 2  *0 1 A . 3 7 1 1 95 .0 70 4 .3 7712  . . 7 8 5 5
1 9 9 . 7 23 . 94 422  .0 420 . 4 4 603  . . 791  1
1 9 9 . 7 23 . 9 5 422  .0 420  .2 4 601 . . 7 90 8
1 9 9 . 7 23 . 90 423  .0 421 .1 461 1 . . 791 5
1 9 9 . 7 23  . 93 423 .0 420 . 6 460  5 . . 7 9 0 5
2 00  .0 • 71 . 3 8 4 8 . 0 141 . 5 1550  . . 7  882
2 00  .0 71 . 2 8 4 8 . 2 141 . 7 1 552  . . 7 8 7 6
2 0 0  .0 71 .1 5 4 8 .3 1 42 .0 1 5 5 5  . . 7 8 8 3
2 0 0  .0 71 .1 9 4 8 . 5 141 . 9 1 5 5 4  . . 7  862
1 9 9 . 5 52 . 35 8 8 . 0 1 92 .5 2 1 0  8 . . 7 9 2 7
1 9 9 . 6 52 . 3 5 8 8 . 0 1 92 .6- 2 1 0 9 . . 7 9 2 9
1 9 9 . 8 52 .3 7 8 8 . 0 1 92 . 7 2 1 1 0 . . 7 9 2 9
1 99 . 9 52 . 3 6 8 8 . 3 1 92 . 8 2 1 1 1 . .791 9
2 00  .0 3 0 . 5 1 261 .0 330  . 7 3 621 . . 7 90 2
. 2 0 0  .0 30 .50 261 .0 330  . 8 3 6 2 2  . . 7 9 0 5
2 0 0  .1 30 . 46 2 61 .0 331 .4 3 6 2 9  . .791 7
2 0 0  .2 3 0 . 4  9 261 .0 331 .2 3 62 7 . .791 1
2 0 0  .0 1 8 . 64 703 .0 5 3 9 . 7 5 90 9 . . 7871
2 0 0  .0 1 8 . 6 2 702 .0 540 .3 591 6 . . 7 8 8 5
2 0 0  .0 1 8 . 5 9 702 .0 541 .1 5 925  . . 7 8 9 7
2 0 0  .3 1 8 . 6 7 702 .0 5 3 8 . 8 5 900 . . 7 8 6 4
201 .5 42 .2 7 1 3 5 . 5 2 4 0  .5 2 6 3 4  . . 7 9 4 7
-201 .5 42 .2 7 1 35  .4 2 4 0  . 5 2 63 4 . . 7 9 5 0
201 .5 42 .2 9 135 .2 2 4 0  . 4 2 6 3 3  . . 7 9 5 2
201 .4 42 .3 6 1 3 5 . 8 2 3 9  . 9 2 6 2 7  . . 7  920
STANDARD DEVIAT ION1 OF MEAN CD = + 0 R - . 0 0 3 2
CD = . 7 8 9 9 + 0 R-  . 4 0 3 PER C E N T .
185.
PLATE LI 5 ,  NITROGEN FLOW
O R I F I C E  DIAMETER = .0 503  CM*
P I P E  DIAMETER = .551 CM.
D IA ME T ER RA T 10 = . 0 9 1 3
TEMPERATURE = 1 8 . 5  C
NOMINAL PRESSURE = 1 4 64 .7 PS IA
NOM I NA L DENS IT Y .1 1 6 900 G / C C .
V I S C O S I T Y = . 1 97 .0 MICROPOISE
P (PS IG ) T ( S E C ) H C MMWG> RE (P > RE CO) CD
1 4 4 4  .0 43 .2 5 4 42 .0 1 74 8 . 4 1 91 4  5 . . 7 92 3
1 AAA  .0 43 .2 9 43 9 .0 1 746  . 8 1 91 2 7  e . 7 9 4 3
1 AAA  .0 43 .5  7 4 3 6  .0 1 735  .6 1 930 4 . . 791  9
1 AAA  .0 43 .3 7 4 3 4  .0 1 743 . 6 1 90 92 . . 7 9 7 4
1 AAA  .0 43 . 62 431 .5 1 733  . 6 1 89 83*. . 7951
1 4 52 .0 1 2 6 .80 51 .7 5 9 9 . 8 6 56 8 . . 7  92 8
1 4 52 .0 125  . 50 52 .0 60 6 .0 663  6 . . 7 9 8 7
1 4 50 .0 1 24  .70 53 .5 60 9 .1 6676  . .7 91 9
1 44 9 .0 124 . 50 53 . 8 60 9 . 7 6 6 7 6  . . 7 9 0 6
1 44 8 . 0 123 . 90 53 . 8 612 .2 673 4 * . . 7941
1 452  .0 60 . 7 5 2 2 4  .0 1251 . 8 1 3 70 7 . . 7 9 4 9
14 51 .0 60 . 8 4  ' 2 2 5  .5 1 2 4 9 . 1 1 3 6 7 8 . . 7  93 8
1 4 52 .0 60 . 90 2 2 4 . 5 1 2 4 8 . 7 1 3 6 7 3  . . 7 9 2 0
1 452  .0 61 . 02 22 4 .0 1 2 4 6  .3 1 3 6 4 7  . .791  4
1 453  .0 61 . 1 4 2 2 3  .5 1 2 4 4  . 7 1 3 6 2 9  . . 7 9 1 0
1 456* .0 2 6 . 8 4 11 37  .0 2 83 8 . 9 310  85 . . 7 9 9 5
1 4 5 7  .0 27  . 0 3 1 1 36 .0 2 820 . 8 3 0 8 8 8 . . 7 9 4 5
1 4 5 7  .0 2 7  .1 8 1 1 34 .0 2 80 5 .3 3 0 7 1 8 . . 7 93 8
1 45  8 .0 2 7 . 1 3 1 1 32 .0 2 8 1 2  .4 3 0 7 9 5 . . 7 9 3 3
1 4 5 8  .0 2 7 . 0 5 1 1 2 8 . 0 2 8 2 0  . 7 30 8 86  . . 7 9 7 0
1 452  .0 34  .51 6 91 .0 2 2 0 2  . 8 2 4 1 2 3  . . 7 9 6 5
1452  .0 34 . 7 4 6 82 .0 21 8 8 . 2 2 3 9 6 0  . . 7 9 6 5
1 452  .0 34  . 5 6 6 81 .0 2 1 9 9 . 6 2 49  85 . . 8 3 1 2
1 4 52 .0 34  . 6 5 6 82 .0 2 1 93. .  9 2 4 0 2 3  . . 7 9 8 5
1 4 52  .3 3 4 . 6 6 6 84 .0 21 93 .2 2 40  1 6 . . 7 9 7 1
1 4 4 9 . 0 . 9 9 . 9 0 82 .7 75 9 . 8 831 9 . . 7 9 4 7
1 4 4 8 . 0 9 9 . 0 0 85 .0 766  .2 83 8 9 . . 7 9 3 7
1 4 4 7  .0 97 . 4 5 86 . 8 777 . 8 851 7 . . 7 9 4 6
1 4 4 7  .0 97 .0 7 8 8 . 0 780 . 9 85 50 . . 7  922
1 4 4 7 . 0 96 . 62 89 . 7 7 84 . 5 85 90 . . 7 8 8 3
STANDARD* D E V I A T I O N  OF MEAN CD = +0R - . 0 0 3 1
CD = . 7941  +0R -  . 3 9 2  PER C E N T .
186.
PLATE L 16 ,  HYDROGEN FLOW 
OR I F I C E  DIAMETER = *3 502  CM.
P I P E  DIAMETER = .551 CM*
DIAMETER RATI O . =  . 0 9 1 2
TEMPERATURE = 2 0 . 5  C
NOM I NA L PRESSURE = 2 1 4 .7  PS IA
NOMINA L DENSI TY  = . 00 1 2 1  3 G/CC .
V I S C O S I T Y  = 88 .0 MICROPOISE
P ( P S I G  > T (SEC ) HCMMWG ) RE CP ) RE ( 0 ) CD
1 98 . 8 24  .1 7 41 7 .0 403  . 9 4431 . . 7 8 3 6
.1 98 . 6 2 4 . 1 9 4 1 7 . 3 403  .2 4 4 2 3  . . 7 82 6
19 8 . 5 2 4 . 1 4 41 7 .0 403  . 9 4 4 3 0  . . 7 8 4 0
1 9 8 . 4 24  .2 1 41 7 .0 402 . 5 4 4 1 5 . .7  81 6
1 9 8 . 1 24  . 26 41 7 .5 401 . 1 4 4 0 0  . . 7 7  90
20  J .2 1 4 . 9 8 1 1 60 .0 6 U2 .0 72 62 . • . 7 64 i
2 0 3  .4 1 5 . 02 1 1 59  .0 660 . 8 72 4 9 . . 7  62 8
2 0 3  .1 1 5 .01 1 1 56 .0 6 60 . 4 72 4 4 0 . 7 6 3 7
2 0 3  .0 1 5 .0 3 1 1 55 .0 6 5 9  .2 7231 . . 7 6 2  9
2 0 3  .0 1 4 . 9 9 11 55 .0 661 .0 72 50 . . 7 6 4 9
1 97 .7 66 .0 8 54 .0 1 47 .3 1 6 1 6 . . 7 9 5 3
1 97 .2 6 6 . 0  7 54 .2 1 47 .0 1 6 1 3 . . 7  933
1-96 . 8 . 66 .1 8 54 .0 14 6 . 5 1 60 7 . . 7 9 2 4
1 97 .3 6 5 . 7 9 55 .0 147 . 7 1 623  . .7 90 8
1 97 .3 65 . 8 9 54 .5 147  . 5 1 6 1 8 . . 7 9 3 2
201 . 8 4 8 .3 7 104 .0 2 0 5  .1 22 50 . . 7 9 3 3
201 . 8 4 8 . 4 9 103 .5 20 4 . 6 22 44 . . 7 9 3 3
201 .7 4 8 . 4 1 103 .5 20 4 . 8 2 2 4 7  . . 791  4
201 .7 4 8 . 3  9 1 0 3 . 5 2 0 4  . 9 2 2 4  8 . . 7  91 7
201 .6 4 8  . 34 103 .5 20 5 .0 2 2 4  9 . . 7 9 2 4
2 0 2  .5 3 5 . 1  4 201 .0 2 83 «1 3 1 0 5 . . 7 8 3 6
2 0 2  .6 34 . 97 2 03  .0 2 84 . 6 31 2 2  . . 7 8 3 7
2 0 2  . 8 34 . 9 4 20  4 .0 2 8 5  .1 3 1 2 7 . .7  82 8
20 3 .2 34  . 92 20 4 .5 2 85 . 8 31 35' . . 7 8 3 0
20 3 .0 34 . 9 4 2 0 4  .5 2 85 .3 31 33 . . 7 8 2 2
2 0 2  .2 1 8 . 2  5 1 65 .0 542 .2 5 9 4 8 . . 7 6 1 6
2 0 2  .2 1 8 . 4 0 7 86 .0 537  . 8 5 8 9 9 . . 7 5 4 9
2 0 2  .4 1 8 . 2  8 7 89 .0 541 . 8 5 9 4 3  • . 7 5 8 7
2 02  .3 1 8 . 3 4 7 8 9 . 0 53 9 . 8 5 921 . . 7561
2 0 2  . 5 1 8 . 3 6 7 89 .0 5 3 9 . 7 5 920 . . 7 5 5 6
STANDARD D E V I AT I ON! OF MEAN CD = +OR - . 0 1 3 7
CD = . 7 7 8 4  +OR-  1 . 7 5 7  PER C E N T .
187.
PLATE L I  6 , NITROGEN FLOW
O R I F I C E  DIAMETER  
P I P E  DIAMETER 
DIAMETER RATIO  
TEMPERATURE.  
NOMINAL PRESSURE
*“• •
ZZ 0 
ZZ 0  
- 18.  
1 4 6 4 .
0 5 0 2  CM 
551 CM. 
09 12 
5 C
7 PS I A
*
NOMINAL DEN SI TY ZZ p 1 1 68 00 G/CC.
VI SCO SI TY 1 97 . 0 MI CROPOI SE
PC PSI  G). TC SEC) HCMMWG) REC P) REC 0 ) CD
1 4 5 3 . 0 3 5 .  1 4 7 5 0 .  0 2 1 6 2 . 8 2 3 7 2 5 . . 7 5 3 4
1 4 5 3 .  0 3 5.  42 7 4 6 .  0 2 1 4 5 . 7 2 3 5 3 7 . . 749 5
1 4 5 4 . 0 3 5 .  27 7 4 4.  0 21 5 6 . 3 2 3 6 5 3 . . 7 5 4 0
1 4 5 4 . 0 3 5 .  31 7 4 1 . 0 2 1 5 3 . 8 2 3 6 2 7 . . 7 5 4 6
145 5  0 3 5 .  51 7 39.. 0 2 1 4 3 . 2 2 3 5 1 0 . . 7 5 1 7
1 4 6 0 . 0 4 6 . 9 7 4 1 7 . 0 1 6 26*  2 1 78 39 . . 7 53 1
1 4 6 0 . 0 4 6 . 9 8 418 . 5 1 6 2 5 . 9 1 7 8 3 5 . . 7 5 6 6
1 4 6 0 . 0 4 6 * 9 9 4 1 7 . 5 1 6 2 5 . 5 1 7 8 3 1 . . 7 5 7 3
14 6 0 . 0 4 6 * 8 4 4 1 7 . 5 1 6 3 0 . 8 1 7 8 8 9 . . 7 598
1 4 6 0 . 0 4 7 . 0 6 ' 4 1 7 . 0 1 6 2 3 .  1 1 7 8 0 5 . . 7 5 6 7
1 4 44 .  0 1 2 4 . 7 0 59 . 2 6 0 6 .  1 6 6 48 * . 7 5 3 3
1 4 4 4 .  0 123 .  10 6 0 .  2 61 4.  0 6 7 3 5 . . 7 568
1443*  0 1 2 0 . 6 0 62 .  4 6 2 6 .  3 6 3 7 0 . .  7 5 8 4
1 4 4 4 .  0 1 2 2 . 0 0 6 1 * 6 6 1 9 .  5 679 6. . 7 549
1 4 4 4 . 0 1 2 2 . 4 0 6 1 . 0 6 1 7 .  5 6 7 7 3 . . 7561
14 5 7 . 0 9 3.  25 107 .  0 8 1 7 . 7 8 9 7 0 . . 7531
1 4 5 8 . 0 9 3.  01 1 0 6 . 0 8 2 0 .  4 8 9 9 9  . . 7 589
1 4 58 . 0 9 3.  29 106 .  0 8 1 7 . 9 8 9 7 2 . . 7 5 6 6
1 4 58 . 0 9 3 .  07 1 0 6 . 0 8 1 9 . 8 8 9 9 3 . .  7 5 8 4
1 4 5 8 . 0 9 3 .  28 1 0 6 . 0 8 1 8 * 0 8 9 7 3 . . 7 5 6 7
1 4 4 8 . 0 2 8 . 3 5 1 1 4 3 . 0 2 6 7 0 . 7 292 9  7 . . 7 549
1 4 4 9 .  0 28 . 48 1 1 4 0 . 0 2 6 6 0 . 4 29 18 3 . . 7 5 2 7
14 5 0 . 0 2 8 .  65 1 1 4 0 . 0 2 6 4 6 .  4 2 9 0 3 0 . . 7 4 8 5
1 4 5 0 . 0 28 . 54 1 1 3 7 . 0 2 6 5 6 .  6 29 1 4 2 . . 7 5 2 4
1 4 5 0 . 0 2 8 .  54 1 1 3 5 . 0 2 6 5 6 . 6 29 1 4 2 . . 7531
1 4 4 2 . 0 6 5 . 9 3 208 . 0 1 1 4 4 .  6 1 2 5 5 6 . .  7 5 9 5
1 4 4 3 . 0 6 5 . 8 1 208 . 0 1 1 4 7 . 5 1 2 5 8 8 . . 7 6 1 2
1 4 4 3 . 0 6 5 . 9  4 2 0 7 . 8 1 1 4 5 . 2 1 2 5 6 3 . . 7 6 0 0
1443*  0 6 6 .  19 2 0 7 .  3 1 1 4 0 . 9 1 2 5 1 5 . . 7 58 1
1 4 4 2 . 0 6 6 .  1 6 2 0 7 . 0 1 1 4 0 . 7 1 2 5 1 2 . . 7 5 8 7
STANDARD DE V I A T I ON OF MEAN CD = + OR-  
CD = . 7558  +OR-  . 4 1 6  PER CENT.
. 0 03 1
PLATE L 56 , HYDROGEN FLOW
O R I F I C E  DIAMETER = 
P I P E  DIAMETER = 
DIAMETER RATI O = 
TEMPERATURE =
NOMINAL PRESSURE = 
NOMINAL DENSI TY  = 
V/ ISC OS I T  Y =
.0 50 1 CM®
.551 CM®
.0 91 
1 7 . 5  C 
2 1 4 * 7  PS IA
* 0 0 1 2 2  5 G/ CC*  
8 7 . 5  MICROPOISE
P (PS IG ) T (SEC ) H ( MMWG ) RE (P ) RE ( 0 ) CD
200  *5 23 . 4 9 423  *5 4 2 5  .5 46 7 7 . . 8 1 0 5
2 00  *8 23 . 3 8 42 8 c0 42 8.1 4 7 05  . .81 0 5
201 *4 23 .30 433  *0 430  .7 4 7 3 4  . . 83  97
200  . 8 23  . 23 43 4 .0 430  . 8 473  5 . . 8101
201 . 8 23 .2 9 4 3 9 . 0 431 .7 4 7 45  . . 80 52
1 9 9 * 8 6 8 . 3 7 . 53 .2 14 6 . 1 1 60 6 . . 83 84
2 00  *0 6 8 . 2 9 53 . 9 14 6 . 4 1 60 9 * . 8 3  41
2 0 0  *1 6 8 .2 4 51 .0 1 4 6 .6 1611 * . 83 4 1
2 00  ®2 6 8 * 1 2 5 1 . 1 14 6 . 9 1 6 1 4 . . 8 0 4 9
200  .4 6 8 .0 8 51 .2 1 47* 1 1 6 1 7 . * 83 5 0
201 .1 30 . 5 4 2 55 .0 32 8 . 6 361 1 . . 80 4 9
20  *2 33 *42 2 5 5  .5 3 30  .0 3 62  7 . . 8075
201 *3 3 0 . 4  6 2 56 .0 32 9 . 7 3 62 4 * . 8 3 5 8
201 .4 30 . 42 2 5 7  .3 333  .3 3631 . * 83 5 5
201 *5 30 . 3 8 2 5 8 . 0 330  . 9 3 6 3  7 . . 80 51
201 . 8 1 8 . 3 0 70 1 .0 5 4 8 . 5 602  9 . .81 3 3
201 *9 1 8 . 2 3 70 3 .3 550 . 8 60 54 * . 81 25
2 0 2  .2 1 8 . 2 0 70 7 .0 552 .5 6 3 7 3  . .81 21
2 0 2  *0 1 8 . 2 9 704 .5 5 4 9  .3 603  7 . . 83  91
2 02  *1 1 8 . 1 7 70 5 .5 553 .2 60 83 . .81 41
1 99 «4 51 .5 9 87 .7 1 93 .2 21 23  . . 83  97
1 99*1 5 2 . 3 6 86 . 9 1 90 .1 2'0 89 . . 80 0 9
1 99 .2 52 .2 6 87 .3 1 90 .5 20 94 . . 8021
1 9 9 * 2 52 . 22 . 86 . 9 1 90 . 7 20 96 . . 8 3 3 2
1 99 *2 52 .30 87 .0 1 90 .4 20 92 . . 83 1 5
2 00  *0 40 . 52 1 4 8 . 5 2 4 6  .5 2 7 1 0 . . 7  932
200  .4 40 . 5 5 14 8 . 8 2 4 6  . 8 2 7 1 3 . . 7 9 2 5
2 00  .6 40 .4 8 1 4 9  .2 2 4 7  .5 2 7 2 0  . . 7  932
20 0  *8 43 .4 6 1 4 9  .3 2 4 7  . 8 2 72 4 . . 7  93 7.
201 *3 43 .2 5 1 50 .3 2 4 9 . 3 2741  . . 7  963
203  .7 1 4 . 53 1 1 3 5 . 0 6 85  .3 7 5 3 2  . . 7 9 9 0
20 3  *8 1 4 . 4 9 113 5 .0 68 7  .5 7 5 5 7  . . 8 , 1 3
201 *0 1 4 . 3 8 1 1 37  .3 6 93 . 4 7621 . . 80  71
201 *0 1 4 . 4 3 1 1 3 8 . 3 6 92 .4 761 1 . . 83 5 7
201 *2 1 4 . 43 1 1 43 .3 6 93 .1 761 8 . . 8 3  53
STANDARD D£v/ IAT I ONI OF MEAN CD = +OR - . 3 3 5 7
CD = .80  4 7 + OR- . 7 1 2 PER CENT.
189.
PLATE L 56 > NITROGEN FLOW
O R I F I C E  DIAMETER = 
P I P E  DIAMETER = 
DIAMETER RATIO  
TEMPERATURE =
NOMINAL PRESSURE = 
NOMINAL DENSITY = 
VI SCOSI TY
. 0 5 0 1  CM.
. 5 5 1  CM.
. 0 9  1 
1 6.  0 C 
14 6 4 . 7  PSI  A
. 1 I S 0 0 0  G/CC.  
19 6. 0 MI CROPOI SE
PC PSI  G> TC SEC) H C MM WG) REC P) RECO) CD
1 4 4 2 . 0 4 3 . 9  7 4 4 2 .  0 1 7 4 2 . 4 19 1 52 . . 7383
1 4 4 4 . 0 4 4 .  1 6 433 . 0 17 3 7 . 3 1909 6. . 7 3 9 6
1 4 4 5 . 0 4 4 .  28 4 3 4 .  0 1 7 3 3 . 8 1 9 3 5 7 . . 79 1 4
1 4 4 5 . 0 4 4 . 5 1 4 3 2 .  0 1 7 2 4 . 8 189 5 3 . . 739 1
1 4 4 6 . 0 4 4 . 7 7 4 3 0 .  0 17 1 6. 0 188 61 . . 73 67
1 4 5 5 . 0 3 4 .  00 7 4 2 .  5 2 2 7 2 . 9 2 49 3 2 . ' . 79 09
1 4 5 7 . 0 3 4 . 2 1 7 4 3 .  0 2 2 6 2 .  0 243 63 . . 788  0
1 4 5 7 . 0 3 4 .  37 7 40 .  0 2 2 5 1 . 5 2 4 7 4 7 . . 78 43
1 4 5 8 . 0 3 4 .  32 7 40 .  0 2 2 5 6 .  3 2 4 3 0 0 . . 73 53
1 458 . 0 3 4 .  39 7 3 8 . 0 2 2 5 1 . 7 2 47 50 . . 78 52
1 4 5 2 . 0 9 3 . 9 3 9 3.  0 8 2 1 . 8 9 0 3 2 . . 3 0 3  5
1 4 5 1 . 0 9 3 .  33 9 5 . 0 8 2 6 .  2 9 03 1 . . 8 0 4 5
1 4 5 0 . 0 9 2 .  77 9 6.  3 8 3 3 .  6 9 1 3 0 . . 8 0 3 6
1 4 5 0 . 0 9 2 .  45 9 7 . 2 8 3 3 .  5 9 161 . . 8 0 2 6
1 4 5 0 . 0 9 2 .  37 9 5 .  7 8 3 4 .  2 9 1 69. . 8 0 9  6
1 4 5 3 .  0 1 24 .  00 5 2 .  5 6 2 2 .  7 63 45 . . 8  1 52
1 4 5 3 . 0 123 .  00 5 4 .  3 6 2 7 . 8 6 9 0 0 . . 8 03 1
1 4 5 3 . 0 1 2 2 . 7 0 5 4 .  0 6 2 9 .  3 69 1 7. . 8  1 23
1 4 5 3 . 0 1 2 2 . 5 0 5 4 .  0 6 3 0 .  4 69 2 9 . . 3 1 3 6
1 4 5 2 . 0 1 2 2 . 2 0 55 .  0 631 . 5 69 41 . . 8  079
1 4 6 2 .  0. 2 7 . 8 5 1 1 1 0 . 0 2 7 8 7 .  2 3 0 6 3 5 . . 79 17
1 4 6 2 . 0 2 3 .  10 1 1 0 2 . 0 2 7 6 2 .  4 3 0 3 6 2 . . 7 8 7 5
1 4 6 1 . 0 2 7 . 9  4 1 1 0 7 . 0 2 7 7 6 .  3 3051 6. . 789 9
1 4 6 1 . 0 2 8 .  19 1 1 1 1 . 0 2751 . 7 3 0 2 4 5 . . 78 1 5
1 4 6 2 . 0 2 3 .  1 6 1 1 1 1 . 0 2 7 5 6 . 5 3 0 2 9 8 . . 7 3 2 7
1 4 4 7 . 0 6 0 . 8 4 2 2 3 .  5 1 2 6 3 * 8 1389 1 . . 7 9 4 5
1 4 4 7 . 0 60 .  50 229 . 0 1 2 7 0 . 9 1 39 69 . . 798  1
1 4 4 7 . 0 6 0 .  32 2 3 0 .  0 1 2 7 4 .  7 1 4 0 1 1 . . 7 9 8 7
1 4 48 . 0 6 0 .  40 2 3 0 . 5 1 2 7 3 . 9 1 4 0 0 2 . . 7971
1 4 4 3 . 0 6 0 .  25 231 . 5 1 2 7 7 . 1 1 4 0 3 7 . . 7 9 7 4
STANDARD DEVIATI ON OF MEAN CD = +OR- . 0 1 0 1
CD = . 7 9  62 + OR- 1 . 2 7 3  PER CENT.
PLATE L 56 ,  NITROGEN FLOW
O R I F I C E  DIAMETER ZZ » 0 501 CM
P I P E  DIAMETER “  ♦ 551 CM.
DI AMETER RATIO 09 1
TEMPERATURE 2 2 . 0 C
NOMINAL PRESSURE 1 4 6 4 . 7 PSI  A
NOMINAL DENSITY zz • 1 1 5 1 0 0 G/CC.
VI SCO SI TY = 1 98 . 0 MI CROPOI SE
PC PSI  G) TC SEC) HCMMWG) REC P) RECO) CD
14-52. 0 5 5 .  00 28 1 . 0 1 3 5 4 . 5 1488 7. . 78 29
1 4 5 2 . 0 5 4 .  72 2 8 0 .  5 13 6 1 . 4 1 49 64 . * 78 76
1 4 5 2 . 0 5 4 . 9  1 28 0 .  0 1 3 5 6 .  7 1 49 1 2 . . 7 8 5 6
1 4 5 2 . 0 5 5 .  02 279 . 0 1 3 5 4 . 0 1 4 8 8 2 . . 78 54
1 4 5 2 . 0 5 4 . 8 9 279 . 5 1 3 5 7 . 2 1 49 1 7. . 7 8 6 6
1 4 4 2 . 0 1 2 9 . 1 0 48 . 1 5 7 3 .  2 6 3 0 0 . . 8 0 3 2
1 4 4 0 . 0 1 2 8 . 2 0 4 8 .  0 5 7 6 .  4 6 3 3 6 . . 8 0 9 0
1 4 4 0 . 0 1 2 7 . 4 0 4 8 .  1 58 0 .  1 6 3 7 6 . . 8  1 33
144 0 . 0 1 2 6 . 8 0 4 8 .  5 5 8 2 .  8 6 4 0 6 . . 8  1 37
1 4 3 9 . 0 1 2 7 . 2 0 49 . 3 58 0 .  6 633 1. . 8 0 4 3
1 4 5 3 . 0 4 0 . 9  7 501 . 0 18 1 9 . 2 1999 5. . 7 3 7 4
1 4 5 4 . 0 4 0 . 9 8 499 . 5 1 8 2 0 .  0 2 0 0 0 4 . . 7 8 8 7
14 5 4 .  0 4 1 . 0 1 499 . 5 1 8 1 8 .  6 1 9 9 8 9 . . 788  1
1 4 5 5 .  0 4 1 . 1 1 499 . 0 18 15.  5 199 54. . 78 69
1 4 5 5 . 0 4 0 . 9 3 49 7 .  5 1 8 2 3 .  4 2 0 0 4 2 . . 79 1 5
1 4 5 0 . 0 2 6 .  08 1 1 5 4 .  0 28 5 0 . 3 3 1 3 2 9 . . 8  1 38
1 4 5 0 . 0 2 6 .  1 3 1 1 5 5 . 0 28 4 4 . 9 3 1 2 69 . . 8 1  19
14 50 .  0. 2 6 .  1 2 1 1 5 4 . 0 2 8 4 6 .  0 3 128  1. . 8 1 2 5
1 4 5 0 . 0 2 6 .  10 1 1 45 .  0 28 4 8 .  2 31 3 0 6 . . 8  1 64
1 4 5 0 . 0 2 6 .  1 7 1 1 48 . 0 28 4 0 .  6 3 1 2 2 2 . . 8  131
1 4 4 5 . 0 9 6.  69 8 7 . 8 7 6 6 . 9 8 4 2 9 . . 79 46
1 4 4 5 . 0 9 5 .  57 8 8 * 8 7 7 5 . 9 8 528* . 799  4
1 4 4 5 . 0 9 5 .  33 89 . 4 7 7 7 . 8 8 5 5 0 . . 7 9 8 7
1 4 4 3 . 0 9 3 . 9 9 9 1 . 3 7 8 7 . 8 8 6 6 0 . . 8 0 1 0
1 4 4 4 .  0 9 4 .  71 9 1 . 2 7 8 2 .  4 8 6 0 0 . . 79 57
STANDARD DEVI AT I ON OF MEAN CD = +OR- . 0 1 1 4
CD = . 7 9 8 9  + 0 R -  1 * 4 3 2  PER CENT.
PLATE L 6 9 , HYDROGEN FLOW
OR IF ICE DIA ME TER = .0 53 3 CM.
P I P E  DIAMETER = .551 CM.
D IA METER RAT 10 = .3 91 3
TEMPERA TORE 23 .2 C
NOMI NAL PRESSURE = 2 1 4 . 7  PS IA
NOMINAL DENS IT Y = .00  1 232  G / C C .
V I S C O S I T Y = 88 .7 MICROPOISE
P( PS  IG ) T (SEC > H ( MMW G ) RE (P ) RE ( 0 ) CD
2 0 0  ..2 2 4 . 44 4 i 5 .3 3 9 5  .3 4 3 3 2  . . 7 7 4 3
2 0 0  .1 2 4  . 3 9 41 6 .0 3 9 5  . 9 4 3 3 9  . . 7 7 4 8
2 00  .1 24  . 2 9 41 7 .0 3 9 7  .6 4 3 5 7  . . 7 7 7 0
2 00  .1 24  . 30 41 9 .0 3 9 7  .4 4 3 5 5  o . 7 7 4 8
2 00  . I 24  .3 1 41 9 .3 3 9 7  .2 4 3 5 3  . . 7 7 4 5
1 9 L 8 51 * 7 6 91 .0 1 85 .0 2 3 2  7 . . . 7 7 7 2
1 97 .4 51 . 9 9 93 .7 1 83 . 8 23 1 4 . . 7 7 4 3
1 97 .0 51 . 82 90 .2 1 84 .1 23 1 7 . . 7  7 82
1 97 .1 51 . 8 8 91 .0 1 83 . 9 20 1 6 . . 7741
1 96 . 9 51 . 9 9 90 .0 1 83 .4 2 3 1 3  . . 7 7 6 4
2 03  .7 65 .32 5 8 . 0 1 4 8  .6 1 62 9 . . 7 7 6 7
2 00  .5 65 . 2 9 5 7 . 8 1 4 8 . 5 1 62 8 . .7 7 83
2 0 0  .6 .65 . 06 5 8 . 0 1 4 9 . 1 1 63 4 . . 7 7 9 6
2 00  .7 65 .23 5 8 . 3 14 8 . 9 1 632  . . 7781
2 00  . 8 65 .1 5 5 8 . 3 1 4 9 . 1 1 6 3 4  . . 7 7 8 9
201 .5 1 5 .2 4 1 3 5 6  .3 63 5 .1 6 963 . . 7 7 92
201 .6 1 5 . 1 5 1 3 57 .0 63 9 . 2 70 0 5 . . 7 8 3 7
201 .7 1 5 . 22 13 59 .0 6 3 6  . 5 6 9 7 6  . . 7 7  95
201 . 8 1 5 . 22 1 3 63 .0 63 6 *8 6 9 7 9  . . 7 7 9 3
2 0 2  .0 1 5 . 1 7 13 61 .0 6 3 9 . 5 733 8 . . 781  9
2 0 3  .2 1 9 . 1 5 663 .3 503  .7 5 52 3  . . 7 8 1 2
2 0 0  .2 1 9 . 2 0 664 .3 532  .4 5 5 0 5  . . 7 7 8 6
2 0 0  .2 1 9 . 23 663 .3 532  .4 550 5 . .7 7 92
2 00  .2 1 8 . 94 664 .3 53 9 .3 5581 . . 7 8 9 3
2 30  .2 1 9 . 1 7 664  .3 53 3 .2 5 5 1 4 . . 7 7 9 8
2 0 2  .4 35  .81 1 96 .3 2 73 .0 2991  . ♦ 7 7 3 4
2 0 2  .4 35 .92 1 96 .0 2 72 .1 2 982 . . 7 7 1 0
2 02  .3 35 . 7 9 1 96 .3 2 7 3  .0 2 9 92 . . 7 7 3 7
2 0 2  .3 35 . 95 1 96 .3 271 . 8 2 9 7 8 . . 7 7 0 2
2 0 2  .3 3 5 . 93 1 9 5 . 8 2 7 2  .2 2 982 . . 771  7
STANDARD D E V I A T I O N  OF MEAN CD = +0R - . 00  4
CD = . 7 7 7 3  + 0 R-  . 5 0 9  PER CENT •
192.
PLATE L69 ,  NITROGEN FLOW
ORI FI  CE DI AMETER = • 0 5 0 3  CM •
P I P E  DIAMETER = • 55 1 CM.
DI AMETER RATIO • 09 1 3
TEMPERATURE 1 6. 5 C
NOMINAL PRESSURE = 1 4 6 4 . 7 PSI A
NOMINAL DENSITY = • 1 1 7 7 0 0 G/CC.
V I SCOSI TY 19 6. 0 MI CROPOISE
PC PSI  G> T ( S E C ) KCMMWG) REC P) REC 0 ) CD
1 4 5 0 . 0 5 2 .  38 331 . 5 14 6 7 . 1 1 6 0 7 7 . . 7 6 1 3
1 4 5 0 . 0 5 2 .  06 331 . 0 1 4 7 6 . 1 1 6 1 7 6 . . 7 6 6 6
1 4 5 0 . 0 52 .  1 3 331 . 5 1 4 7 4 .  1 1 6 1 5 4 . . 7 6 5 0
1 449 . 0 52 .  31 331 . 0 1 4 63 . 1 1 6 0 3 8 . . 7 6 2 6
1 4 4 9 . 0 52 .  29 331 . 0 1 4 6 8 .  6 1 609 4. ■ . 7 629
1448 . 0 6 6* 41 2 0 0 .  0 1 1 55 .  7 1 2 6 6 5 . . 7 7 2 6
14 4 7 . 0 6 6 . 9  1 2 0 0 . 5 1 1 4 6 .  3 1 2 5 6 2 . . 7 6 5 5
1 4 4 6 . 0 66 .  56 2 0 0 .  0 1 1 5 1 . 5 1 2 6 1 9 . . 7 7 0 2
1 4 4 5 . 0 6 6 * 8 6 2 0 0 .  0 1 145*  6 1 2 5 5 4 . . 7 6 6 5
1 4 45 .  0 66 .  56 201 . 0 1 1 5 0 . 7 1 2 6 1 0 . . 7 6 8 0
1 4 4 0 . 0 1 2 1 . 1 0 5 7 .  4 6 3 0 .  4 69 0 3 . . 788  4
1 4 3 8 . 0 1 1 9 . 9 0 59 . 0 6 3 5 .  8 69 68 . . 78 49
1 436*  0 1 1 9 . 2 0 6 0 . 8 638 . 7 6999  . . 7 7 7  1
1 4 3 7 . 0 1 1 9 . 8 0 6 0 .  3 6 3 5 . 9 69 69 . . 77 67
14 3 7 . 0 1 2 0 . 1 0 5 9 .  6 6 3 4 .  3 69 51 . . 779 3
1 4 4 6 .  0 9 2 .  72 103 .  0 8 2 6 .  7 9 0 6 0 . . 7 7 0 5
1 4 4 6 .  0 9 2 .  05 1 03 .  5 8 3 2 .  7 9 1 25 . . 7 7 4 2
1 4 4 6 . 0 9 2 .  56 1 0 3 .  7 8 28 . 1 9 0 7 5 . .  7 6 9 2
1 44 6.  0 9 2 .  71 1 0 3 . 8 8 2 6 . 8 9 0 6 0 . . 7 6 7 6
1 4 4 6 . 0 9 2 .  39 1 0 4 .  0 8 2 9 .  7 9 09 2 . . 7 6 9 5
1 4 5 0 . 0 28 * 50 1 1 1 5 . 0 2 69 4.  6 29 5 2 9 . . 7 6 2 7
1 4 5 0 . 0 2 3 .  49 1 1 1 5.  0 2 6 9 5 .  5 29 539 . . 7 629
14 50 .  0 2 8 .  49 1 1 1 7 . 0 269  5.  5 29 5 3 9 . . 7 6 2 3
1 4 5 0 . 0 2 8 .  68 1 1 1 8 . 0 2 6 7 7 . 6 29 3 4 3 . . 7 569
1 4 5 0 . 0 2 8 .  36 1 1 1 7 . 0 2 7 0 7 . 9 29 67 4. . 7658
1 4 68 . 0 3 5 .  03 7 48 . 0 2 2 1 9 . 9 2 4 3 2 7 . . 7 6 3 0
1 4 6 7 . 0 3 4 . 9 3 7 5 0 .  0 2 2 2 4 .  8 2 4 3 8 0 * . 7639
1 4 6 7 . 0 3 4 .  76 7 5 1 . 0 2 2 3 5 . 6 2 4 5 0 0 . . 7671
1 4 6 7 . 0 3 4 . 9 0 7 5 1 .  0 22 ‘26*  7 2 4 4 0 1 . . 7 6 4 0
1 4 6 7 . 0 3 4 . 8 9 7 5 1 . 0 2 2 2 7 . 3 2 4 4 0 8 . . 7 6 4 2
STANDARD DEVI ATI  ON OF MEAN CD = + 0 R- . 0 071
CD = . 7 6 8 4 + OR- . 9  25 PER CENT.
193.
PLATE L 71 ,  NITROGEN FLOW
O R I F I C E  DIAMETER = . 0 5 0 8  CM.
P I P E  DIAMETER = .551 CM.
DIAMETER RATI O = .0 922
TEMPERATURE = 1 9 . A C
NOMINAL PRESSURE = 14 6 4 .7 P S I A
NOMINA L DENS IT Y = ■ .1 1 5 93 0 G/CC .
V I S C O S I T Y = 1 97 .0 MICROPOISE
P ( P S  IG ) T (SEC > HCMMWG ) RE (P ) R E ( 0 ) CD
1 450 .0 6 8 * 4 0 1 93 .5 110 0 . 8 11 935  . . 7 4 3  5
14 50 *0 6 8 . 3 3 191 .3 1 132 .3 1 1 94 8 . . 7 4 5 6
1451 .0 6 8 . 4 6 1 93 .3 1 103 .6 1 1 93 3 . . 7 4  64
1 450  .0 6 8 . 7 7 1 89 .5 10 94 . 9 11871 . . 7 4 4 3
1 4 50 .0 6 8 . 9 7 1 89 .0 10 91 .7 1 1 83 7 . . 7 4 3  1
1 452  .0 27  . 60 1 1 84 .3 2 72 9 . 5 2 9 5  94 . . 7 4 2 2
1 451 .0 2 7 . 9 3 1 1 93 .0 2 6 9 5  .4 2 9 2 2 4  . . 731  3
1451 .0 2 7  . 8 5 1 1 8 8 . 3 2 70 3 .2 2 93 3 8 . . 7 3 4 3
1451 *0 2 7 . 84 1 1 87 .0 2 73 4 .1 2 931 9 . . 7 3 4 5
1451 .0 27 . 76 1 1 87 .0 2711 . 9 2 943 3 . . 7 3 6 7
1 4 36  .0 1 1 9 .40 5 9 .2 624  .7 6 7 7 3  . . 7 6 2  9
1 430  .0 1 1 9 .60 63 .3 621 .0 6 7 3 3  . . 7 5 2 9
1 427 «3 123 .70 5 8 . 8 5 9 9 . 2 6 4 9 7  . . 7 3 6 3
1 42 7 *0 121 . 73 5 9 . 5 60 9 .1 6 6 0 4  . . 7 4 4 3
1 4 27  .0 121 .00 60 .2 612  . 6 6 6 4 2  . . 7 4 3  9
1 455  .0 95 .81 97 . 8 7 8 8  .6 8551 . . 7 4 5 1
1 4 55  .0 95 . 64 97 . 8 7 90 .0 85 66 . . 7 4 6 5
1 4 55  .0 95 . 5 8 9 8 . 0 793 .5 85 71 . . 7461
1 455  .0 95 . 8 9 9 8 . 0 7 8 8 . 0 8543  . . 7 4 3 7
1 4 55  .0 95 . 63 98 .2 7 90 .1 8 5 6 7  . . 7 4  50
1 4 53 .0 35 . 03 754 .0 2 1 5 2  . 8 2 3 3 4 2  . . 7 3 3 2
1 443  .0 34 .82 745 .0 2151 .1 2 3 3 2 2  . . 7 3  92
1 443  .0 3 4 . 9 1 743 .0 2 1 4  5 . 5 2 3 2  62 . . 73  83
1 443  .0 34  . 97 741 .0 2141 . 9 2 3 2 2 2  . . 7 3  83
1 4 44  .0 3 5 . 0 6 741 .0 2 1 3 7  . 8 2 3 1 7 9 . . 7 3 6 4
1 455  .0 44 . 75 4 4 8  .0 1 6 8 8 . 0 1 8301 . . 7452
1 455  .0 44 . 74 450  .3 1 6 8 8 . 3 1 833 5 . . 7 4 3  8
1 455  .0 44 .80 4 52 .0 1 6 86 .1 1 82 81 . . 741  1
1 4 55  .0 4 4 . 8 4 452 .0 1 684  . 6 1 8 26 5  . . 7 4 0 5
1 4 55  .0 44 . 8 6 4 52 .0 1 6 83 . 8 1 82 5 6 . . 7401
STANDARD D E V I A T I O N  OF MEAN CD = + 0 R - . 00  62
CD = . 7 4 2  + OR -  . 8 4 0  PER CENT.
19^ .
PLATE L 71 , HYDROGEN FLOU
O R I F I C E  DIAMETER = . 0 5 0 8  CM.
P I P E  DIAMETER = .551 CM.
DIAMETER RATI O = .0 922
TEMPERATURE = 1 9 . 0  C
NOMINA L PRESSURE = 2 1 4 . 7  PS IA
NOMINA L DENSI TY = . 3 0 1 2 1 9 G /C O ®
V I S C O S I T Y  = 88 .3 M IC R OP 0 IS E
P CPS IG ) T (SEC ) H C MKWG) RE CP ) RE CO) CD
2 00  .0 33 . 9 6 2 1 1 .3 2 93 . 9 31 54 . . 7 7 3 5
2 0 0  .2 3 3 . 8 3 2 1 3 .0 2 92 .3 3 1 6 9 . . 7 7 3 2
201 .2 33 .61 21 7 .5 2 9 5  .6 3 2 0 5  . . 7 6 8 9
2 00  . 8 33 . 5 8  ' 2 1 6 .0 2 95 .3 3 2 0 2  . . 7 7 1 6
2 03  .5 33 . 62 2 1 5 .0 2 94 .6 31 94 . .771 9
201 • 3 24  . 75 40 5 -.3 402  .3 4 3 5 9  . . 7 6 5 8
231 .7 24  . 75 43 5 .3 401 . 9 4 3 5 7  . ‘ . 7 6 5 7
231 .6 24 . 84 40 4 *3 433 .2 4 3 3 9  . . 7 6 3 6
231 .5 24  .71 43 4 . ’3 402  .1 4 363  . . 7 6 7 5
231 .5 24  . 73 40 4 *3 43 1 . 8 4 3 5 7  . . 7 6 6 9
2 30  .5 53 . 74 92 . 8 1 95 .3 2 1 1 8 . . 7 7 8 8
2 30  .5 53 . 6  8 93 .3 1 95 .6 21 23 . .7 7 89
233  .5 53 .5  5 93 .5 1 96 .1 2 1 2  6 . . 7 7 8 8
2 0 0  .6 53 .5  8 93 .5 1 96 .0 2 1 2 5 . . 7 7 8 5
2 30  .7 50 . 63 94 .0 1 95 . 9 2 1 2 4 . . 7 7 5 8
2 3 2  .2 6 6 . 1 3 55 .2 1 5 1 . 1 1 6 3 8 . . 7 7 7 9
2 3 2  .3 66 .13 55 .2 1 51 .0 1 6 3 7  . . 7 7 7  9
201 . 9 65 . 8 9 55 .5 1 5 1 . 4 1 6 42  . . 7781
231 . 9 66 . 32 55 .5 1 51 .1 1 6 3 9  . . 7 7 6 6
201 . 9 66 .3 9 55 .3 1 51 .3 1 6 3 7  . . 7771
2 3 4 . 6 1 8 . 4 4 751 .3 5 45  .4 591 3 . . 7 5 8 9
2 3 4  . 8 1 8 . 4 5 7 52 .0 5 4 5  .6 591 5 . . 7 5 8 4
2 0 4  . 8 1 8 . 4 8 754 .3 544 .7 5 93 6 . . 7561
2 0 5  .0 1 8 . 3 7 754 .3 5 4 8  . 5 5 94 7 . . 7 6 1 3
2 0 5  .3 1 8 . 4 3 756 .3 54 8 . 3 5 9 4 5  . . 7 5 9 3
1 9 9 . 2 1 4 . 93 1 1 33 .0 6 56  .6 7 1 1 9 . . 7 5 4 2
1 99 .2 1 4 . 8 9 1 1 34 .3 657  .0 7 1 2 4  . . 7 5 4 4
1 9 9 . 2 1 4 . 87 1 1 33 .0 6 57  . 9 71 33 . . 7 5 5 8
1 99 .2 1 4 . 84 1 1 3 4 . 0 6 5 9  .2 7 1 4 8 . . 7 5 7 3
1 9 9  .3 1 4 .81 1 135 .3 663 . 9 7 1 6 5 . .7 5 83
STANDARD DEV I AT I ON I OF MEAN CD = +OR- . 0 3  88
CD  = . 7 6 7 8 + OR -  1 .1 42 PER CENT .
195*
PLATE S25 HYDROGEN FLO W
O R I F I C E  DIAMETER = 
P I P E  DIAMETER 
DIAMETER RATIO  
TEMPERATURE 
NOMINAL PRESSURE = 
NOMINAL DENSITY = 
V I SCOSI TY
• 0 5 0 8  CM.
• 551 CM.
. 0 9 2 2  
1 7 .  2 C
2 1 4 . 7  P S I A
. 0 0 1 2 2 7  G/CC.  
8 7 . 6  MICROPOISE
PCPSI G) TCSEC) H(MM LG) REC P) RECO) CD
1 9 9 . 8 1 7 . 6 1 78 6 . 0 564 6 612 3. . 7 7 0 5
2 0 0 .  1 1 7 .  50 7 9 2 .  0 569 0 6 1 7 0 . . 7 72 9
2 0 0 .  5 1 7 . 5 4 79 3 . 0 568 7 61 6 7 . . 7 7 1 4
2 0 0 .  8 1 7 .  53 7 9 7 .  0 569 8 61 79 . . 7 70 4
1 9 9 .  5 4 7 .  52 10 5 . 6 209 9 22 7 6. . 7 80  1
199 .  5 4 7 .  2 4 1 0 6 .  5 21 1 1 2 2 9 0 . ' .  78 1 4
1 9 9 . 7 4 7 .  18 10 6 . 2 211 6 2 2 9 5 . . 783 9
1 9 9 .  7 47. -0 3 1 0 7 . 8 2 1 2 3 2 3 0 2 . . 7 80  5
201 . 1 2 1 . 5 6 5 2 3 .  0 4 6 4 8 50 4 0 . . 7 7 4 5
201 . 4 21 . 46 52 6 . 0 467 6 5071 . . 7 7 6 4
201 . 5 2 1 . 4 6 52 6.  0 467 8 5 0 7 3 . . 7 7 6 6
201 . 7 2 1 . 4 5 5 2 9 .  0 468 5 5 0 8 0 . . 7751
2 0 0 .  4 3 5 . 8 6 1 8 5 . 0 279 2 3 0 2 7 . . 7 8 2 5
2 0 0 .  4 3 5 .  87 1 8 5 . 7 279 1 3 0 2 7 . . 7 80 3
2 0 0 .  5 3 5 . 7 6 1 8 6 . 4 2 80 1 3 0 3 7 . . 78 19
2 0 0 . 5 3 5 .  79 1 8 6 . 8 279 8 3 0 3 5 . . 7 8 0 4
2 0 0 .  0 14.  61 1 1 4 0 . 0 6 79 6 7 3 7 0 . . 7 7 0 7
2 0 0 .  2 14.  67 1 1 4 2 . 0 677 5 7 3 4 7 . . 7 6 7 2
2 0 0 .  2 1 4 .  59 1 1 4 5 . 0 68 1 2 7 3 8 7 . . 7 7 0 4
2 0 0 .  3 14 .  59 1 1 5 0 . 0 68 1 5 7 3 9 0 . . 7 6 8 9
2 0 0 .  6 6 6 .  37 5 4 .  1 151 1 1 6 3 9 . . 7 8 2 5
2 0 0 . 6 ' 6 6 .  25 5 4 .  3 151 4 1 6 4 2 . . 7 8 2 5
2 0 0 .  5 6 6 . 1 0 5 4 .  8 1 51 7 1 6 4 5 . . 7 8 0 5
2 0 0 . 6 6 6 .  1 4 54 .  7 1 51 6 1 6 4 4 . . 7 8 0 9
1 9 9 . 7 2 6 .  33 3 4 5 . 0 378 6 4 1 0 5 . . 7 7 8 7
1 9 9 * 7  4 2 6 .  33 3 4 7 . 0 378 6 4 1 0 5 . . 7 7 6 5
1 9 9 . 7 2 6 .  24 3 4 8 .  5 379 9 4 1 1 9 . . 7 7 7 5
1 9 9 .  7 2 6 . 2 7 3 4 8 .  5 379 4 41 1 5. . 7 7 6 6
STANDARD D E V IA T I ON  OF tMEAN CD ’= + 0 R -  
CD = . 7 7 6 9  + 0 R -  . 6 3 0  PER CENT.
. 0 0 4 9
PLATE S 2 5  > HYDROGEN PLOW
OR IF ICE DIA ME T ER .0 50 8 CM .
P I P E  DIAMETER .5 51 CM.
D IA METER RAT 10 .0 922
TEMPERATURE 23 .7 C
NOMINAL PRESSURE 2 1 4 .7 PS IA
NO Mi I NA L DENS IT Y .00 1 2 0 0 G/CC .
V I S C O S I T Y 89 .0 MICR.. P OISE
P CPS IG ) T (SEC > HCMKWG) RE CP ) RE CO) CD
2 0 0  . 9 2 8 . 7 9 2 86 .5 3 3 5  .3 3 6 3 6  . . 7 7 5 6
2 0 0  .5 2 8 . 6 8 2 87 .0 3 35  . 9 3 6 4 3  . . 7 7  72
1 99 . 8 2 8 . 5 1 2 86 .5 3 3 6  . 8 3 6 5 3  . . 7 8 1 2
2 00  .3 2 8 .4 5 2 8 6  .5 3 3 8 . 3 3 6 6 9  . . 78 3  8
2 00  -0 2 8 *5 4 2 86 .5 3 36  . 8 3 6 52 . .7 83 8
1 99 .4 1 4 . 6 8 1 1 1 0 . 0 64 9 .4 73 42 . ' . 7681
1 99 .4 1 4 . 7 3 1 1 1 1 .0 64 7 .2 70 1 8 . . 7651
1 9 9 . 3 1 4 * 6 6 1110 .0 6 50 .0 70 4 8  . . 7 6 93
1 99 .2 1 4 *67 1110 -0 64 9 .2 70 43 . . 7 6 8 3
1 99 .0 1 4 * 6 9 110 9 .0 64 7 .7 702  4 . . 7 6 7 2
1 99 .2 58 *49 6 8 * 8 1 64 .0 1 7 7 8 . . 7 7 6 5
1 9 8 . 8 5 8 . 5 4 6 8 . 4 1 6 3 . 5 1 7 73 . .7 7 74
1 98 .5 5 8 . 6 9 6 8 * 2 1 62 . 9 1 7 66  . . 7 7  60
1 99 .6 5 8  .3 9 6 9 . 4 1 6 4 * 6 1 7 84 . . 7 7 5 2
1 99 .4 58  .30 6 9 .2 1 6 4 . 7 1 7 86 . . 7771
201 .0 43 .71 125 .0 221 *2 2 3  9 8 . .7 740
201 .3 43 *44 125 .5 2 2 2  . 9 2 4 1 7 . . 7 7 7 8
201 .5 43 .50 125 . 8 2 2 2  . 8 2 4 1 6 . . 7761
201 .4 43 *43 12 5 . 8 2 2 3  .0 2 4 1 8 . .7 7 72
201 .5 43 *50 1 2 5 * 8 2 22  . 8 241 6 . . 7761
2 00  . 9 1 7 .0 4 834 .0 564  .4 6121 . . 7 6 6 7
201 .2 16 . 97 841 .0 567  .5 61 54 . . 7 6 7 2
2 0 0  . 8 1 7 . 00 83 5 .0 565  .5 61 32 . . 7 6 7 9
2 00  . 9 1 6 . 9 9 837 .5 566 .1 613  9 . . 7 6 7 4
201 .0 I 6 . 9 7 834 .0 567  .0 6 1 4 9 . . 7 7 3  1
2 00  .2 20 . 8 8 544 . 8 460 .0 4 9 8 8  . . 7 7 3 6
2 00  .3 21 .0 3 544 .0 4 5 6  . 9 4 95 5 . . 7 6 8 9
2 00  .2 20 *96 545  .0 4 5 8  .2 4 9 6 9  . . 7 7 3 5
2 00  .3 21 *02 543 .0 4 57  .2 4 9 5 8  . . 7 6 9 9
2 00  .3 20 . 95 544 .3 4 5 8 . 7 4 9 74 . .771 6
STANDARD D E V I A T I O N  OF MEAN CD = + 0 R- . 0 0 5
CD = . 7 7 3  1 +OR-  . 6 4 5  PER CENT.
197.
PLATE S25 ,  NITROGEN FLOW
OR IF ICE DIA METER .0 50 8 C M •
P IPE DIAMETER = .551 CM.
DI A METER RAT 10 = .3 922
TEMPERATURE 16 .3 C
NOMINAL PRESSURE = 1464 .7 PS IA
NOM I NA L DENS IT Y = .1 1 80 30 G/CC .
V ISC OS IT Y 1 96 .0 MICRO D 0 ISE
P (PS IG ) T (SEC ) H ( MMWG ) RE (P ) RE CO) CD
1 4 50 .0 4 5 . 1 0 42 7 .0 1 70 8.1 1 8523  . . 7 6 6 3
1 4 50 .0 4 5 . 1 2 42 5 .5 1 737  .4 1 8 5 1 5 . . 7 6 7 3
14 51 .0 4 5 .2 7 42 4 .3 1 70 2 . 9 1 8467  . . 7 6 6 4
1 4 52 .0 . 4 5 . 4 2 423 .0 1 6 9 8 . 4 1 841 8 . . 7 6 7  8
1 4 52 .0 4 5 . 55 41 7 .5 1 693  .6 1 83 66 * . 7 6 7 9
1 44 8 .0 63 .0 1 21 5 .3 122 1 .2 1 3 2 4 3  . . 7  7:2 4
1 44 8 . 0 62 .9.0 2 1 5 .0 1 2 2 3  .3 132 66 . .7 73 8
1 44  8 .0 62 . 75 2 1 5 .0 1 2 2 6  .2 1 32 97 . . 7 7 5 6
1 44 8 . 0 62 . 74 21 5 .0 1 22 6 . 4 13 33 3 . . 7 7 5 7
1 4 4 8 . 0 62 .7  9 2 1 5 .3 : 2 2 5  .4 132 8 9 . . 7751
1 445  .0 1 2 6 . 4 0 51 .0 60 7 .6 65 89 . . 7 8 9 7
144 5 .0 125 .30 51 .5 6 1 2 . 9 6 64  7 . .7 92 8
1 4 45  .0 124 .50 52 . 9 6 1 6 . 9 6 6 8 9  . . 7  872
1 444  .0 123 .90 53 . 9 61 9 . 4 671 7 . . 7 83 4
1444  .0 122 .90 55 .4 624  .5 6 7 7 2  . . 7 7 9 0
1 4 60 .3 96 . 55 92 .0 803 .6 871 4 . . 7 7 4 2
1 460  .0 96 . 5 5 91 .0 833 .6 8 7 1 4 . . 7 7 8 5
1 4 60 .0 9 6 . 6 4 92 .4 802 . 8 873 6 . .771 8
1 4 60 .3 96 . 55 91 .2 83 3 . 6 871 4 . . 7 7 7 6
1 460 .0 97 .32 91 .5 7 9 9  .7 86 72 . . 7 7 2 6
1 4 54 .0 2 8 . 2 5 10 9 8 . 3 2 7 3 2  . 8 2 9 63 6  . . 7 6 3  8
1 4 5 5  .0 • 2 8 . 3 0 .1 0 92 .3 2 72 9 . 9 2 960 4 . . 7 6 4 8
1 4 55  .0 2 8 . 5 1 1 3 87 .'0 2 7 3 9 . 8 2 93 86 . . 7 6 1 0
1 457  .0 2 8 . 7 9 13 82 .0 2 6 8 7  .1 2 91 43 . . 7 5 5 9
1 457  .0 2 8 . 6 0 13 80 .3 2 73 5 .0 2 9333  . .761 6
1 4 60 .0 33 . 8 6 763 .0 22 93 .0 2 4 834 . . 7 6 6 3
1 4 5 9  .0 33 .91 766  .0 22  85 .1 2 4 7 83 . . 7 6 3 4
1 4 60 .0 3 4 . 1 7 7 6 9 . 0 2 2 6  9 . 2 2 463  8 • . 7 5 6 4
1 4 60 .0 33 . 83 761 .3 22  92 .1 2 4 8 5 6 . . 7 6  80
14 60 .0 34 . 0 6 763 .3 2 2 7 6  .6 2 4 6 8 8 . . 7 6 3 3
STANDARD D E V IA T I ON  OF MEAN CD = + OR-  
CD = . 7 7 1 3  +OR -  1 . 1 8 6  PER CENT.
.0-3 92
PLATE S2 5 > NITROGEN FLOW
ORI FI  CE DI AMETER = • 0 5 0 8  CM .
P I P E  DIAMETER • 55 1 CM.
DI AMETE R RATIO = ♦ 09 22
TENPERATURE 1 3. 8 C
NOMINAL PRESSURE = 1 4 6 4 . 7 PSI  A
NOMINAL DEN SI TY = • 119 100 G/ CC«
VI SCOSI TY r: 19 5. 0 MICRO POISE
PC PSI  G) TC SEC) HCMMWG) REC P) RECO) CD
14 4 5 * 0 61 . 47 223 . 0 1 2 6 7 . 3 1 37 43. . 7 7 2 0
1 4 4 6 .  0 61 . 69 2 2 2 .  5 1 2 63 *  6 1 3 7 0 3 . . 7 7 9 0
1 4 4 5 .  0 61 . 8 9 221 . 0 ; 2 53 . 7 1 3 6 5 0 . . 7 738
1 4 4 6 .  0 6 1 . 9 4 2 2 0 .  0 1 2 5 3 .  5 1 3 6 4 8 . . 78 0 2
1 4 4 6 . 0 62 .  1 5 2 1 9 . 3 12 54 .  3 1 3 6 0 2 .  • . 7789
1 4 5 7 . 0 1 1 4 . 8 0 6 2 * 6 68 4.  2 7 4 2 0 . . 79 26
1 4 5 6 .  0 1 1 4 . 3 0 63 .  0 68 6 . 3 7 4 4 3 . . 79 33
1 4 5 5 . 0 1 1 4 . 1 0 6 3 .  0 63 7.  5 7 4 5 6 . . 79 43
1 4 5 4 .  0 1 14 .  00 6 3 .  2 68 7.  6 7 4 5 7 . . 79 35
1453*  0 1 1 3 .  60 6 4 * 2 639 . 6 7 4 7 3 . . 7 893
1 4 5 5 .  0 9 0 .  52 103 .  2 8 6 6 .  6 9 39 7. . 78 23
1 4 5 5 . 0 9 0 .  30 10 3.  0 3 63 .  7 9 4 2 0 . . 78 50
145 5 . 0 9 0 . 1 7 10 4.  1 8 69 . 9 9 4 3 4 . . 78 19
1 4 5 7 . 0 9 0 .  32 10 3.  2 8 69 . 7 9 4 31 . . 73 47
1 4 5 7 . 0 9 0 .  32 1 0 2 . 4 8 69 .  7 9 431 . . 7 8 7 7
14 6 2 . 0 3 2 .  51 8 39 . 0 2 4 2 2 . 8 2 6 2 7 4 . . 7 6 5 7
1 4 6 2 . 0 3 2 .  45 8 3 6 .  0 2 4 2 7 . 3 2 6 3 2 3 . . 7 63 5
1 463*  0 3 2 .  73 8 3 2 .  5 2 4 0 3 • 2 2 6 1 1 5 . . 7639
1 4 6 4 .  0 3 2 .  56 831  . 0 2 4 2 2 . 4 2 62 69 . . 7 688
1 4 6 4 . 0 3 2 .  66 8 3 0 .  0 241 5.  0 2 6 1 8 9 . . 7 669
STANDARD DEVI A T I ON OF MEAN CD = +OR- . 01
CD = . 7 8 0 4  + 0 R -  1 . 2 7 7  PER CENT.
199-
PLATE S 3 9  > HYDROGEN FLOW
OR IF ICE DI A METER = .0511  CM*
P I P E  D IA METER = .5 51 CM.
D IA NE T ER RATI O = .0 92 7
TEMPERATURE = 1 5 .5 C
NON I NA L PRESSURE = 2 1 4 .7 PS IA
NOMINA L DENS IT Y = . 0 0 1 2 3 3  G/CC .
V I S C O S I T Y = 87 .0 MICROPOISE
P (PS IG ) T (SEC ) H ( M MW G > RE (P ) RE ( 0 ) CD
2 00  .4 2 4 *4 4 40 4 .0 4 1 3 . 9 4 4 62 . . 7 6 9 5
2 00  .4 2 4 .3 8 43 4 .5 4 1 4 . 9 44 73 • . 7  70 9
200  *4 24  *3 8 43 4 . 5 4 1 4 * 9 4 4 7 3  . .7 73 9
2 0 0  .4 24  *32 40 5 .0 41 5 . 9 4 4 8 4  . . 7 7 2 3
1 99 *5 40 *84 141 *3 2 4 7 .1 2 6 6 4  . . 7 7 8 5
1 9 9 * 5 40 *85 141 .0 2 4 7  .0 2 6 6 3  . . 7 7  83
1 99 *5 40 . 92 141 .5 24  6 *6 2 6 5 9  . . 7 7 5 6
1 9 9 * 7 40 .83 1 42 .0 2 4 7  .3 2 6 67 . . 7 7 6 3
1 99 *5 70 .61 49 .0 1 43 .0 1 542  . . 7 6 4 3
1 99 *5 70 .5 5 49 *0 1 4 3 . 1 1 543  . . 7 6 4 7
1 99 *3 70 . 9 6 48 . 8 1 42 .1 1 533  . . 7 6 1 4
1 9 8 * 3 71 .0 7 4 8 .0 141 .3 1 523  . . 7 6 4  8
1 97 .6 71 . 27 47 . 8 1 40 .4 1 5 1 4 . . 7  630
20 1 *6 1 4 . 45 1 1 61 .0 730 .4 7 55 2  . . 7681
201 *8 1 4 .4 5 1 1 64 .3 701 .3 7 5 5 9  . . 7 6 7 4
2 0 2  .0 1 4 . 4 9 1 I 66 .3 6 9 9 . 7 754  5 . . 7 6 5 3
2 0 2  *1 1 4 . 44 1 1 67 .0 702 .5 7 5 7 5  . . 7 6 7 5
1 9 9 * 4 30 .40 2 5 4 .0 331 .5 3 5 7 4  . .7 7 87
2 0 0  *0 30 .4 8 2 5 7 .5 331 .5 3 5 7 5  . . 7 7 2 5
2 0 0  *3 33 . 43 2 5 8 .5 3 32  .6 3 5 86 . . 7 7 2  8
2 0 0  *6 30 . 22 2 5 9 .0 3 3 5  .3 3 6 1 6 . . 7 7 7 9
2 0 0  . 9 51 . 44 91 .2 1 97 .5 21 33 . .771 1
201 *2 51 . 26 91 .7 1 9 8 . 5 21 40 . . 7 7 2 2
201 *4 51 . 33 92 .0 1 9 8 . 4 2 1 3 9 . . 7 7 0 3
201 *6 51 .13 92 .7 1 9 9 . 3 2 1 4 9 . . 7 7 3  7
201 *7 1 8 . 1 0 743 .0 560 . 9 6 3 4 9 . . 7 6 7 7
2 0 2  .0 1 8 . 1 1 746 .3 561 .4 6 0 5 4  . . 7 6 6 2
2 0 2  *2 1 8 . 0 6 746 .5 563  .5 60 76 . . 7 6 8 5
2 0 2  .3 1 8 . 0  6 7 4 8 • !) 563  .7 60 79  . . 7 6 7 6
STANDARD D E V I A T I O N  OF MEAN CD = +OR - . 0 0 4 9
CD = .7701 + OR - .631 PER CENT.
PLATE S3 9 > NITROGEN FLOW
OR IF ICE 0 IA METER 
P I P E  DIANE TER 
D IA METER RAT '10 
TEMPERATURE 
NOMINAL-PRESSURE  
NOMINAL DENSITY  
V ISCOS IT Y
.3 51 1 C Me 
.551 CM.
.0 92 7 
1 9 . 7  C 
1 464  .7 PS IA
. 1 1 6 2 0  0 G/CC •
1 9 7 . 0  MICROPOISE
P (PS IG ) T (SEC ) H ( MMv-JG ) R E (P ) RE ( 0 ) CD
144 4 - 0 4 6 .  82 3 77  .5 1605  .5 1 7 3 1 2  . . 7 6 6 8
1 4 45  .0 4 6 . 9 7 377  .0 1 60 1 .5 1 7 2 6 8  . . 7 6 5 2
14 4 5 .0 4 7 .0 3 3 76 .5 1 5 99 .4 1 7 2 4 6  . . 7 6 4 7
1 44 5 .3 47 .1 1 3 75  .3 1 596  .7 1 72 1 7 . . 7 6 4 9
144 5 .3 4 7 .0 6 3 74 .0 15 9 8 . 4 1 7 2 3 5  . ' . 7 6 6 8
1 4 53 .0 127 .70 50 .1 5 92 .4 63 8 8 . . 7 7 4 6
1 4 52 *0 12 6 . 6 0 50 .2 597 .2 643 9 • . 7 80 3
1 451 .0 12 5 .  90 51 .2 600 .1 64 71 . ' . 7 7 6 6
1 4 50 .0 1 25  .0 0 51 .1 60 4 .0 651 3 . . 7 82 6
1 4 50 .0 125 .0 0 52 .0 60 4 .0 6 51 3 ' . . 7 7 5 8
1 4 53 .0 92 .67 94 .3 81 6 .4 880 3 . .7 7 83
1 4 53 .0 92 .43 95 .3 81 8 . 5 882 5 . . 7 7 5 9
1 4 53 .0 92 . 77 95 .0 81 5 .5 87 93 . .7 743
1 4 53 .0 92 .71 95 .0 81 6 .0 8 7 9 9  . . 7 7 4  8
1 4 53 .0 92 .60 95 .5 81 7 .0 880 9 . . 7 7 3 7
14 5 9 .0 34 . 07 731 .0 2 2 2  8 . 4 2 43 2 8 . .761 6
1 4 60 .0 3 4 . 1 8 731 .0 2 2 2 2  . 7 23 967  . . 7 5 9 4
1461 .0 3 4 . 1 5 72 7 .0 2 2 2 6  .2 2 4 0 0 4  . . 7 6 2  5
1 462  .0 34 .2 6 724 .0 2 2 2 0  .5 23 943 . .761 9
1 4 62 .0 34 .3 5 722 .0 2 2 1 4  .7 2 38 8 1  . . 7 6 0  9
1 4 55 .0 27  .42 1 1 26  .0 2 763 .3 2 9 76 4  . . 761  1
1 4 5 6  .0 27  .41 1 1 3 5 .0 2 7 6 3  .2 2 97 95 . . 7 5 8 7
1 4 57  .0- 2 7 . 4 5 1 1 3 9  .0 2 761 .3 2 9 7 7 2  . . 7 5 6 5
1 4 57  .0 2 7  . 54 1 13 6 .3 2 7 52 .3 2 9 6 7 5 . . 7 5 5 3
1 4 5 8 .3 2 7 . 5 5 1141 .0 2 7 5 2  . 9 2 96 84 . . 7 5 3 4
1 4 52 .0 63 . 69 ' 2 02  .2 118 6  . 9 1 2 7 9 8 . . 7 7 2 7
1 452  .0 63 .30 20 4 .0 1 1 94 .2 1 2 8 7 7 . .7 740
1 452  .0 6 3 . 5 1 20 5 .0 11 93 .3 1 2 83 4 . . 7 6 9 6
1 4 52 .0 62 . 7 9 . 20 7 .0 1203  . 9 12981 . . 7 7 4 6
1 452  .0 6 2 . 9 3 20 7 .0 120 1 .2 1 2 953 . . 7 7 2 9
STANDARD 
CD =
D E V I A T I O N  OF MEAN CD = + 0 R -  
. 7 6 8 3  +0R -  1 . 0 4 3  PER CENT.
. 00  8
20.1-
PLATE S 39 > NI TEOGEN FLOW
0 RI FI  CE D.I AMETER - • 051 1 CM •
PI PE DIAMETER - • 551 DM.
DIAMETER RATIO - ♦ 09 27
TEMPERATURE - 2. 0 C
N DM I N AL PRESSURE - 1 464 . 7 PSI  A
NOMINAL DEN SI TY - • 1 1 5 1 0 0 G/CC.
VI SCO SI TY — 193 • 0 MI CROPOISE
PC PS1 G) TC £ EC) KC MM s'G) EEC p ) EEC 0 ) CD
1 44 4 0 45 . 33 435 0 1 6 3 4 2 17 6 2 2 . . 7 59 1
1 444 0 45 . 54 405 0 1 626 7 17 5 4 0 . . 7 5 5 6
1 444 0 45 . 39 40 5 0 1 632 1 1 7 59 3 • . 7 53 1
1 44 4 0 4 5 . 42 43 4 7 1 631 0 1 7 53 7 . . 75 79
1 44 4 0 45 . 52 40 4 5 1 627 4 1 7 543 . . 7 564
1 4 62 0 72. 37 1 53 0 1 329 4 ' 1 1 1 0 0 . . 7 6 1 4
1 46-; 0 73 . 1 1 1 56 0 1025 3 1 1 (3 5 6. « 7 635
1 443 0 7 3 . 25 1 51 0 1314 3 1 09 37 . . 7 7 0 6
1 459 0 73. 22 1 54 5 1 0 2 2 4 1 1 024i. . 7 6 54
1 457 0 7 3 . 20 1 53 0 1 02 1 3 1 1 3 1 2 . . 7 633
1.435 0 2 7 . 34 1113 0 269 1 2 29 0 19. . 7 5 6 3
1 435 0 2 7 . 61 1 105 0 2 6 6 4 9 23 7 3 5 . . 7 5 1 6
1 43 6 0 2 7 . 61 1 1 02 0 2 6 6 6 3 23 7 55. . 7 5 3 0
1 435 0 2 7 . 52 1 1 09 0 2 6 7 3 6 23 3 29 . . 7 5 2 7
1 43 6 0 2 7 . 51 1 107 3 2 6 7 6 4 23 3 59 . . 7 5 4 0
1 453 0 34. 45 7 1 1 5 21 63 1 2 3 3 2 4 . . 7561
1 45 3 0 34 . 57 7 1 2 0 21 55 6 2 3 2 4 3 . . 7 5 3 2
1 453 0 34. 44 7 1 1 5 21 63 7 2 3 3 3 1 . . 7 5 6 3
1 453 0 34 . 50 7 1 1 5 21 59 9 2 3 2 9 0 . . 7 5 5 0
1 453 0 34 . 42 7 1 0 0 21 65 0 2 3 3 4 4 . . 7 5 7 6
1 453 0 126 . 20  • 49 6 59 0 8 6371 . . 7 6 2 0
1 443 0 125 . 20 50 5 59 3 5 6 4 0 0 . . 779 7
1 441 0 121 . 40 53 5 609 1 6 5 6 3 . . 779 1
1 442 0 122 . 00 52 3 606 6 6 5 4 0 . . 7 3 0 7
1 443 0 123 . 20 51 7 601 1 6 4 3 1 . . 73 1 6
1 455 0 9 6. 1 4 8 6 4 7 76 6 8 3 7 4 . . 7 73 4
1 45 4 0 9 6. 1 1 3 6 6 776 3 3371  . . 7 7 7 4
1 454 0 9 6 . 33 8 7 1 7 7 4 5 3 3 5 1 . . 7 7 3 4
1 4 53 '0 9 6. 9 6 37 7 7 69 0 3 29 1 . . 7 6 5 4
1 453 0 9 5. 72 87 9 778 9 8 3 9 9 . . 7 7 4 4
STANDARD DEVI A T I ON OF MEAN CD = +OR-  . 0 1 0 5
CD = . 7 6 4 5  +OR-  1. 370  PER CENT.
PLATE S41 , HYDROGEN FLOW 
O R I F I C E  DIAMETER = . 0 5 1 3  CM.
PI  PE DI AM ET ER = * 5 5 1  CM.
DI AMETER RAT I 0 = 09 31
TEMPERATURE 2 4 . 0 C
NOMINAL' PRESSURE 2 1 4 . 7 PS I A
NOMINAL DENSITY = 00 1 198 G/CC.
V I SCOSI TY = 8 8 . 8 MI CROPOISE
PC PSI  G) TC SEC) H C MM WG) REC P) RECO) CD
1 9 9 . 8 4 3 .  41 1 1 6.  8 221 . 6 2 3 8 1 . • 788 6
2 0 0 .  0 4 3 .  51 1 1 7 . 0 221 . 3 2 3 7 7 . 78 65
2 0 0 . 0 4 3 .  41 1 1 7 . 5 221 . 8 2 3 8 3 . • 78 66
2 0 0 .  0 4 3 .  33 1 1 7 . 8 2 2 2 .  2 2 3 8 7 . ♦ 7 8 7 0
2 0 0 .  0 4 3 .  21 1 1 8 . 0 2 2 2 * 8 239 4. • 788  6
2 0 0 .  7 19.  50 601 . 5 49 3.  7 5 3 0 5 . 7 7 40
2 0 0 .  7 19 . 43 6 0 2 .  0 49 4.  2 5 3 1 0 . • 7 7 4 5
2 8 0 .  7 19.  52 6 0 2 .  5 4 9 3 .  2 5 3 0 0 . - • 7 7 2 6
2 0 0 . 9 19 . 42 6 0 4 .  0 49 6.  2 5 3 3 2 . » 7 7 60
2 0 0 .  6 1 9 . 4 5 6 0 0 .  0 49 4 .  8 531 6. o 7 7 68
2 0 0 .  4 6 4 .  04 5 4 .  0 1 50 .  7 1 6 1 9 . • 7 8 7 4
2 0 0 .  5 63 .  77 54 .  0 1 5 1 . 4 1 6 2 7 . • 7 909
2 0 0 .  5 6 3 . 8 0 54 .  0 1 5 1 . 3 1 62 6 . • 7 9 0 6
2 0 0 .  4 6 3 . 9  1 54 .  1 1 5 1 . 0 1 6 2 2 . • 7 3 8 3
2 0 0 .  4 64 .  04 5 4 .  0 1 50 .  7 1 619 . 78 7 4
201 . 3 1 4.  79 1 0 6 1 . 0 6 5 0 . 8 699 3 . • 7 68 4
201 . 3 1 4 . 8 2 1 0 6 2 .  0 6 49 . 5 69 79 . 7 6 6 5
201 . 3 1 4 . 8  1 1 0 6 2 .  5 649 . 9 6 9 8 3 . ♦ 7 668
201 . 4 1 4.  78 1 0 6 3 .  0 651 . 5 7 0 0 1 . • 7 68 4
201 . 4 1 4 . 8 0 1 0 6 3 .  0 6 5 0 .  6 699 1 . % 7 6 7 3
2 0 0 .  5 2 9 .  52 2 5 6 .  0 3 2 6 .  6 3 5 0 9 . • 78 42
2 0 0 . 5 2 9 . 4 2 2 5 5 . 8 3 2 7 .  7 3521 . • 7 8 7 2
2 0 0 . 4 29 . 4 4 2 5 6 .  0 3 2 7 .  3 3 5 1 7 . • 78 62
2 0 0 .  4 2 9 .  56 2 5 6 .  0 3 2 6 .  0 3 5 0 3 . • 78 30
2 0 0 .  4 2 9 .  58 2 5 6 .  0 3 2 5 . 8 3 5 0 0 . • 7 8 2 5
2 0 0 .  7 5 5 .  51 7 2 . 5 1 7 4 .  0 1 8 7 0 . • 7 8 4 5
2 0 0 .  6 5 5 .  35 7 2 .  1 1 7 4 .  5 1 8 7 5 . • 788 8
2 0 0 .  5 5 5 .  26 * 7 2 .  1 1 74 .  7 1 8 7 7 . • 7 89 9
2 0 0 .  5 5 5 . 2 7 7 2 .  2 1 7 4 .  6 1 8 7 6 . • 7 8 9 2
2 0 0 .  5 5 5 .  34 7 2 .  1 1 74 .  4 1 8 7 4 . • 7 8 8 7
STANDARD DEVI  ATI  ON OF MEAN CD = + 0 R- • 008  3
CD = . 7 8  19 +OR- 1 . 0 6 0  PER CENT.
2 0 ^ .
PLATE S 41 * NITROGEN1 
O R I F I C E  DIAMETER = 
P I P E  DIAMETER = 
DIAMETER RATIO 
TEMPERATURE =
NOMINAL PRESSURE = 
NOMINAL DENSITY = 
VI SCOSI TY
FLOW
. 0 5 1 3  CM *
. 5 5 1  CM.
. 0 9 3 1  
1 6 . 8  C 
1464* 7 PSI A
. 1 1 7 600  G/CC.  
19 6 . 0  MICRO POI SE
PC PSI  G) TCSEC) HCMM WG) REC P) RECO) CD
1 4 5 3 . 0 3 4 .  35 7 1 9 . 2 2 2 3 9 .  1 2 40 59 . . 7 58 1
1 4 53 -  0 3 4.  64 7 1 3 . 5 2 2 2 0 . 4 2 33 5 8 . . 7548
1 4 5 2 . 0 3 4 .  75 7 1 0 . 0 221 1 . 3 2 3 7 6 6 . . 7 5 40
1 4 5 2 . 0 3 4 .  61 7 1 1 . 0 2 2 2 0 . 8 238  62 . . 7 5 6 5
1 4 3 5 .  0 9 5.  1 4 9 0 * 5 7 9 8 . 9 8 58 5. . 7 6 6 5
1 4 3 5 . 0 9 4.  75 9 1 . 2 8 0 2 .  2 8 6 2 0 . . 7 6 6 7
1 4 3 5 .  0 9 4.  38 9 1 . 6 8 0 5 .  4 8 6 5 4 . . 7 68 0
1 4 3 5 .  0 9 4 . 0 9 9 1 . 5 8 0 7 . 9 8 6 80 . . 7708
1 4 4 4 . 0 1 2 9 . 7 7 48 . 7 589 . 4 6 3 3 3 . . 7 6 8 7
1 4 4 4 .  0 1 2 9 . 6 1 4 8 .  3 5 9 0 .  1 6 3 4 1 . . 7 729
1443*  0 1 2 8 . 8 9 48 . 7 59 3 .  0 6 3 7 2 . . 7 7 3 7
1 4 4 3 . 0 1 2 9 . 2 7 4 8 . 9 59 1 . 3 6 3 5 3 . . 7 6 9 8
1 4 5 0 . 0 2 7 . 9  1 1 1 1 2 . 0 27 49 . 2 29 5 40 . . 7 4 9 4
1 4 5 0 . 0 2 7 . 9 5 1 1 0 1 . 0 2 7 4 5 . 3 29 49 8 . . 7 5 2 0
1 4 5 1 . 0 28 . 00 1 0 9 7 .  0 2 7 4 2 .  3 29 4 6 5 . . 7 5 2 4
1 4 5 2 . 0 2 8 .  03 1 09 0 .  0 27 41 . 2 29 4 5 4 . . 7 5 4 2
1 4 6 0 . 0 7 2 .  03 1 6 2 .  6 1 0 7 3 . 4 1 1 5 3 4 . . 7 6 26
14 60*  0 71 . 60 1 6 2 .  7 1 0 7 9 . 8 1 1 6 0 3 . . 7 6 7 0
1 4 6 0 . 0 71 . 56 1 6 3 .  2 1 0 8 0 .  4 1 1 609 . . 7 6 6 2
1 4 6 0 . 0 7 1 . 5 6 1 6 3 . 8 1 0 8 0 .  4 1 1 609 . . 7 648
1 4 4 3 .  0 4 3 .  71 4 4 2 .  7 1 7 48 . 0 1 8 7 8 3 . . 7 5 6 5
14 4 4 .  0 43« 73 4 4 0 .  0 17 4 3 . 4 18 7 8 7 . . 7 588
1 4 4 5 .  0 4 3 .  77 439 . 5 17 4 8 .  0 • 1 8 7 8 3 . . 7 5 8 8
1 4 4 5 .  0 4 3 .  77 438 * 2 1 748 . 0 1 8 7 8 3 . . 7 6 0 0
STANDARD DEVI  AT I ON OF MEAN CD = + OR . 0 0 7 2
CD = . 7 6 1 8 + 0 R~ . 9  47 PER CENT.
PLATE S41 , DOWNSTREAM THICKNESS REMOVED 
HYDROGEN FLOW 
O R I F I C E  DIAMETER =
P I P E  DIAMETER =
DIAMETER RATIO 
TEMPERATURE =
NOMINAL PRESSURE =
NOMINAL DENSITY =
V I SCOSI TY  =
. 0 5 1 3  CM.
. 5 5 1  CM.
. 09 3 1 
. 4 C 
. 7  P S I A  
. 00 1208 G/CC.  
8 8 . 3  MI CROPOI SE
21
2 14
PC PSI  G) TC SEC) H C MM WG) RECP) RECO) CD
2 0 0 . 3 1 7 . 1 2 789 . 0 5 68 . 6 61 09 . . 7719
2 0 0 .  3 1 7 . 1 0 7 9 0 .  0 5 69 . 3 61 17. . 7 7 2 3
2 0 0 .  3 1 7 . 1 4 7 9 0 .  0 5 6 7 . 9 6 1 0 2 . . 7 7 0 5
20C.  3 1 7 . 1 4 79 1 . 0 5 6 7 . 9 6 1 0 2 . . 7 7 0 0
199 . 4 6 7 .  09 50.  2 1 4 5 .  2 1 5 6 0 . ‘ . 78 1 0
1 99 .  3 6 6 . 9  1 5 0 .  2 1 4 5 .  5 1 5 6 4 . . 78 30
1 9 9 . 2 6 6 . 8 9 5 0 .  2 1 4 5 .  5 1 5 6 3 . . 7 8 3 0
199 . 2 6 6 . 9 4 5 0 .  3 1 4 5.  4 1 5 62 . . 78 1 6
2 0 0 .  0 5 0 .  00 89 . 8 19 5.  3 2 099  . . 78 4 6
2 0 0 .  0 4 9 . 9 5 8 9 . 8 1 9 5 .  5 2 1 0 1 . . 78 54
2 0 0 .  0 4 9 . 8  5 8 9 . 9 1 9 5 . 9 2 1 0 5 . . 7 8 6 5
2 0 0 .  0 49 . 9 4 89 . 9 1 95 .  5 2 1 0 1 * . 78 51
2 0 0 .  6 2 2 .  36 4 5 8 . 0 4 3 6 . 9 4 69 5» . 7 7 7 0
2 0 0 .  7 2 2 .  32 4 58 . 0 4 3 7 . 9 4 7 0 5 . . 7 78 6
2 0 0 .  7 2 2 . 3 2 4 5 8 .  0 4 3 7 . 9 4 7 0 5 . . 778  6
2 0 0 .  7 2 2 .  35 4 5 8 .  0 4 3 7 .  3 4 6 9 9 * . 7 7 7  6
2 0 0 . 7 14.  42 1 125 .  0 6 7 4 .  8 7 2 5 1 . . 7 6 7 4
2 0 0 .  7 14.  42 1 1 2 6 .  0 6 7 4 . 8 7251 . . 7 6 7 0
2 0 0 .  7 1 4 . 4 3 1 1 2 6 .  0 6 7 4 .  3 7 2 4 6 . . 7 6 6 5
2 0 0 .  7- 14.  38 1 1 2 7 . 0 6 7 6 .  7 727  1 . . 7 688
2 0 0 .  1 3 7 .  27 1 62 .  0 2 6 2 . 0 28 1 5. . 78 37
2 0 0 . 0 3 7 .  19 1 6 2 .  0 2 6 2 .  5 2 8 2 0 . . 78 52
2 0 0 .  0 3 7 .  22 1 6 2 .  0 2 6 2 .  3 28 18. . 7 8 4 5
2 0 0  • 0 3 7 .  29 1 6 1 . 8 261 . 8 28 1 3. . 7 8 3 5
2 0 0 *  0 2 9 . 0 5 2 6 7 .  0 3 3 5 . 8 3 6 0 8 . . 7 8 2 7
2 0 0 . 0 2 9 . 0 0 2 6 7 .  5 3 3 6 .  4 3 6 1 4 . . 7 8 3 3
2 0 0 .  0 2 9 .  00 2 6 7 . 5 3 3 6 .  4 361 4. . 7 8 3 3
2 0 0 .  0 2 9 .  05 2 6 7 .  5 3 3 5 . 8 3 6 0 8 . . 7 8 2 0
STANDARD D EVI A T I ON OF MEAN CD = +OR-  
CD = . 7 7 3 7  + OR- . 8 4 5  PER CENT.
. 0066
PLATE S41 /DOWNSTREAM THICKNESS REMOVED
NITROGEN FLOW
ORI FI  CE DI AMETER = • 0 5 1 3  CM •
P IP E  DIAMETER = • 551 CM.
DI AMETER RAT 10 = * 09 31
TEMPERATURE 1 7. 0 C
NOMINAL PRESSURE = 1 4 6 4 . 7 PSI A
NOMINAL DENSITY = • 1 1 7 5 0 0 G/CC.
VI SCO SI T Y 19 6. 0 MICRO POISE
PC PSI G) TC SEC) HCMMWG) REC P) RECO)
1 448 . 0 3 7 . 0 2 6 0 7 .  0 20 69 . 2 2 2 2 3 3 .
1 4 4 8 . 0 3 7 .  05 604 . 0 20 6 7 . 5 2221 5.
1 4 48 . 0 3 7 . 2 5 6 0 2 .  0 2 0 5 6 .  4 220 9  6.
1 4 4 8 . 0 3 7 .  31 599 . 0 2 0 5 3 .  1 2 2 0 6 0 .
1 4 5 2 . 0 126 .  1 0 52 .  2 609 . 4 6 5 4 3 .
1 4 5 3 . 0 1 2 5 . 4 0 5 2 . 0 6 1 3 . 2 6 5 8 9 .
1 4 5 3 . 0 1 2 5 .  40 5 1 . 9 6 1 3 . 2 6 5 8 9 .
1 4 5 2 . 0 124 .  60 5 1 . 8 61 6.  7 6 6 2 7 .
1 448 . 0 9 4.  43 89 . 7 8 1 1 . 5 8 7 2 0 .
1449 . 0 9 4 .  50 9 0 . 0 8 1 1 . 5 8 7 1 9 .
1 4 5 0 . 0 9 4 .  36 9 1 . 3 8 13.  3 8 7 38 .
1 4 5 0 . 0 9 4 .  36 9 0 . 0 8 1 3 .  3 8 7 3 8 .
1 4 5 3 . 0 48 . 48 3 5 1 . 5 1 58 5 . 8 1 7039  .
1 4 5 3 . 0 48 * 55 3 5 0 .  5 1 58 3 .  5 1 7 0 1 5 .
1 4 5 3 . 0 49 . 1 3 3 4 9 .  5 1 5 6 4 . 8 1 68 1 4.
1 4 5 4 .  0 49 . 07 349 . 0 1 5 6 7 . 8 1 68 4 6.
1 4 5 1 . 0 2 6 * 9 9 1 1 48 . 0 28 42 .  6 3 0 5 4 3 .
1 4 5 0 . 0 2 6 . 9 3 1 1 5 5 . 0 28 4 7 .  0 30 59 0 .
1 4 5 1 . 0 2 7 . 0 3 1 1 58 .  0 28 33 . 4 3 0 4 9 8 .
1 4 5 2 . 0 2 7 .  07 1 1 5 0 . 0 28 3 6 .  1 3 0 4 7 4 .
1 4 5 6 .  0 7 3 .  63 1 5 0 .  5 10 46 .  4 1 1 2 4 4 .
1 4 5 7 . 0 7 3 . 8 4 1 48 . 5 1 0 4 4 .  2 1 1 2 2 0 .
1 4 5 7 . 0 7 3 .  74 1 4 8 .  5 1 0 4 5 . 6 1 1 2 3 5 .
1 4 5 6 . 0 7 3 . 4 7 1 5 0 .  0 1 0 48 . 7 1 1 2 6 8 .
STANDARD DEVI AT I ON OF MEAN CD = + 0 R -
CD = . 7 69 3 + 0 R-  . 9  42 PER CENT.
CD 
. 7 6 4 0  
. 7 6 5 2  
. 7 624  
. 7631  
. 7 6 6 2  
. 7 7 2 3  
. 7 7 3 0  
. 7 78 4 
. 7 7 9 3  
. 7 7 7 7  
. 7 7 3 6  
. 7 7 9 2  
. 7 6 8 2  
. 7 6 8 2  
. 7 6 02  
. 7 620  
. 7 6 2 7  
. 7 6 1 7  
. 7 5 8 2  
. 7 6 0 0  
. 77 40 
. 7 7 7 2  
. 7 7 8 3  
. 77 69
. 0 0 7 2
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PLATE L 103 * HYDROGEN FLOW 
OR I F I CE  DIAMETER = . 0 7 5 4  CM.
P I P E  DIAMETER = .551 CM.
DIAMETER R A T I O  = . 1 3 6 9
TEMPERATURE . ' 20 .0 C
NOMINAL PRESSURE = 2 1 4 .7 PS IA
NOMINAL DENSI TY = . 0 0 1 2 1  5 G/CC .
V I S C O S I T Y 88 .0 MICROPOISE
P (PS IG ) T (SEC ) H ( MMWG ) RE (P ) RE ( 0 )
201 .7 12 . 87 30 9 .5 770 . 8 5 6 3 2  .
201 .4 1 2 . 7 2 30 9 .0 7 7 8 . 8 56 90 .
201 .3 12 . 76 3 3 8 .0 776  .0 5 6 7 0  .
20 1 .2 12 . 77 30 8 .0 775  .0 5 6 6 3  .
201 .2 1 2 . 72 30 8 . 0 7 7 8 . 0 5 6 8 5  .
20 0  .0 2 3 . 3 9 93 .0 421 .4 3 0 7 9  .
1 99 . 8 23 .2 7 90 .0 423  .1 30 92 .
1 99 .0 23 .32 89 .3 420  .7 30 74 .
1 99 .5 23  . 2 5 89 . 8 422  . 9 30 93 .
1 99 .3 23 .30 89 .3 421 .6 30 81 .
2 00  .2 30 . 83 51 .0 3 20  .1 2 3 3 9  .
1 99 .4 30 . 8 9 51 .0 31 8 .3 2 3 2 5  .
1 99 . 8 30 *94 51 .0 31 8 . 3 2 3 2 6  .
1 99 .6 30 . 8 9 51 .0 31 8 .5 2 3 2  8 .
1 99 .2 30 . 94 50 .7 31 7 . 4 231 9 .
2 0 0  . 8 1 7 . 73 1 65 .5 557  .7 4 0 7 5  .
201 .2 1 7 . 2 2 1 66 .0 575  .3 4 2 0 3  .
201 .2 1 7 .2 4 1 6 5 . 8 5 74  . 6 41 98  •
201 .2 1 7 . 27 1 6 6 . 0 573 . 6 41 91 .
201 .1 1 7 . 1 1 1 65 . 8 5 7 8 . 7 4 22  8 .
STANDARD D E V I A T I O N OF MEAN CD = +OR-
CD = . 7 7 6 7 + OR- . 8 7 8  PER CENT .
CD 
. 7 6 3  8 
. 7 7 2 9  
. 771 6 
. 7  70 8 
. 7 7 3  8 
. 7 7 6 8  
. 7 8 0 5  
. 7 8 3  4 
.7 81 5 
.781 6 
. 7 8 3 4  
.7834 
. 77  99  
.7 83 8 
. 7  81 1 
. 7 5 7 0  
. 7 7 8 9  
. 7 7 8 5  
. 7 7 6 7  
. 7 8 4 2
.0068
PLATE L 10 3 t NI  TEQGEN FLOW
ORI FI  CE DI AM ET ER = • 07 54 CM.
P I P E  DIAMETER • 5 5 1 CM .
DI AMETER RATIO = » 1 369
TEMPERATURE = 21 . 5 C
NOMINAL PRESSURE 14 64. 7 P SI A ,
NOMI NAL DENSITY - • 1 1 5 4 0 0 G/CC.
VI SCO SI TY 198 . 0 MICRO POI SE
PC PSI  G) T(  SEC) H C MM VJG) REC P) REC 0 ) CD
I MS3 . 0 6 3 .  53 4 2 .  3 1 1 7 6 .  7 8 5 9 8 . . 7 7 3 5
14 53.  0 63 .  18 4 2 . 4 1 183 .  2 8 64 5. . 7 7 63
14 5 2 . 0 63.  28 42 .  5 118 0 . 5 8 6 2 6 . . 7 7 44
1 452..  0 6 3 .  42 4 2 .  7 1 1 7 7 . 9 8 60 7. . 7 70 9
1 4 5 2 . 0 63-  60 42 .  3 1 1 7 4 .  6 8 58 2. . 7 7 2 3
1 4 6 0 . 0 2 0 .  28 4 3 3 . 0 3 7 0 2 . 5 2 7 0 5 3 . . 7 54 3
1 459 . 0 2 0 .  26 4 3 6 .  0 3 7 0 3 - 6 2 7 0 6 1 . . 7 5 7 0
1 4 55 . 0 2 0 .  25 4 3 3 .  0 3 6 9 7 .  5 2 7 0 1 6 . . 7 5 3 6
1 4 5 7 .  0 2 0 . 3 9 4 3 3 .  0 3 6 7 5 .  0 2 63 5 2 . . 7 5 4 2
■1.457.. 0 2 0 .  42 431 . 0 3 6 69 * 6 2 63 1 3. . 7 5 49
1 4 6 2 . 0 4 2 .  26 9 9 . 0 1 7 79 . 7 1 3 0 0 4 . . 7 6 2 6
1 4 6 3 . 0 4 2 .  61 98 . 5 1 7 6 6 .  3 1 29 0 6. . 7 58 6
1 4 6 3 . 0 4 2 .  38 98 . 0 1 7 7 5 . 9 1 29 7 6. . 7 6 4 6
1 4 6 2 .  0 4 2 .  21 98 • 0 178 1 . 8 1 3 0 1 9 . . 7 6 7 4
1 4 6 0 . 0 4 2 .  39 9 7 . 3 1 7 7 1 . 8 1 2 9 4 6 . . 7 6 6 3
1 4 4 0 . 0 3 0 .  25 1 90 .  0 2 449  . 0 1 739  4. . 7 6 2 5
1 4 4 0 . 0 3 0 .  27 189 . 0 2 4 4 7 .  4 1 788  3. . 7 6 4 0
1 439 . 0 3 0 .  34 189 . 3 24  4 0 . 1 1 78 29 . . 7 6 1 4
1 439 . 0 30 .  33 189 . 0 2 4 4 0 . 9 1 7 8 3 5 . . 7 6 2 2
1 439 . 0 3 0 .  63 189 . 0 2 4 1 7 . 0 1 7 6.60. . 7 543
STANDARD DEVI AT I ON OF MEAN CD = + OR- . 0 07 1
CD = . 7 6 3 6  + OR- . 9  32 PER CENT.
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APPENDIX III
  EXPANSIBILITY EFFECTS
As was shown in Chapter 3, "the Bernoulli# equation may be used
to derive the general relation governing flow through a constriction in 
a pipe. However, in addition to the energy which a fluid has due to its 
position and movement, it also possesses internal energy. It is because 
there is a change in the internal energy of a compressible fluid when it 
expands through an orifice or nozzle that it is necessary to include an 
'expansibility factor' in the generalized flow equation (equation (8 )). 
In the case of an incompressible fluid, this factor is unity.
thus the change produced when the gas passes from one state to another 
isentropically is independent of the path by which it has passed. In practice, 
of course, an isentr.opic (reversible adiabatic) expansion will strictly never 
take place in a pressure difference device. However, in the case of nozzles, 
the distinction between theory and practice is small, and the theoretical 
expression is used. (For thin-plate devices, empirical values are used.) 
Taking account of internal energy, U, we may rewrite equation (la):-
The terms on the right hand Side of this latter equation are the 
initial and final total heats of the fluid, and thus the whole right hand
Internal energy is a so-called 'function of state' of a gas, and
(lb)
side represents the change in total heat caused by the (assumed isentropic)
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expansion through the orifice or nozzle. The change in total heat is 
equivalent to that experienced by a working fluid passing round a 
Rankine cycle, and may be written:-
H = X -  . l i
• r 1 £
i -
p g \ ^ '  
Pn )
V2 - v2 
Thus, _2___ 1 = y ^1
2g r 1 ’ ^i
In this case, the continuity equation is 
\  \  = V2A2 ^ 2
i yAlso, we have that P-^ = P2V2
P1 P2
fP2\ ^1 - —  I
lPl/
• ‘ ‘ &
Combining this relation with the continuity equation gives
1
A.
V.1 A1 m
(lc)
which when substituted into (lc) yields:
"2 2Now, -t— = m, and, putting —  = r, we have:-
Ai pi
2
Now, Qc, the volume flow of compressible fluid, is given by
. ('o = v t e
Qc = a2.
p
’ p.
1 - r /
2y  j p 1 - m^r/_
Following the procedure of Chapter 3* and introducing "to allow for the 
inefficiencies of the energy conversion, we have that:-
Q,
TTd
T  • CD
Comparison with equation (8 ) shows that = £.Q, where £ , the so-called
expansibility factor, is given by
2 Izi
1 - r y
2 | m r l f1 -
. i1 -
-*T ■ ry-1
1 - m 
1 - r
1 - r y
i - 2 — m r y
As already been said, this expression will not hold for thin- 
plate pressure difference devices. However, the jewelled devices studied 
in this thesis all exhibit, for reasons of mechanical strength, much larger
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thickness-to-diameter ratios than the conventional thin-plate orifice.
They are also proportionally thicker than the Kent conical entrance plate 
described in Chapter 2. Since it is recommended in the draft British and 
International Standards documents on the Kent device that values of 
expansibility factor half way between those for orifice plates and nozzles 
should be used, it seems a logical step to assume that the present jewelled 
devices will exhibit £ values nearer those of the nozzle than of the thin 
plate orifice.
The work in this thesis employs low differential and high static 
pressures, and thus the expansibility correction is small, and never amounts to 
more than one half per.cent. Bearing in mind the errors associated with the 
present investigation, it is thought that any difference between theoretical 
and actual £ values exhibited by these jewelled devices would be undetectable. 
The theoretical expression for expansibility factor was therefore used in 
all the gas flow calculations, and, as can be seen from Appendix V, was 
'built in' to the computer program used to calculate the results.
APPENDIX IV  
ESTIMATION OF ERRORS 
In  C hapte r i t  was shown t h a t  th e  g e n e ra l fo rm  o f  th e  e q u a tio n  
g o v e rn in g  f lo w  th ro u g h  an o r i f i c e  o r n o z z le  i s ; -
Q - C. .Trf / H r  /  2-q Af
* 4 - / 1
A,
(8)
R e a rra n g in g  t h i s  e q u a tio n , we have
(8a)
-IS)I n  th e  e x p e r im e n ta l w ork d e s c r ib e d  in  t h i s  t h e s is ,  m 
w ith  th e  e x c e p tio n  o f  th e  te s t s  pe rfo rm ed  w ith  s m a lle r  D v a lu e s  to  s tu d y  
d ia m e te r r a t i o  e f f e c t s ,  a lw ays v e ry  much le s s  t h a t  u n i t y .  The v a r ia t io n
i s ,
/ 2o f  a/ 1 -  m w h ich  w i l l  r e s u l t  from  e r ro r s  in  th e  measurement o f  d i s  th u s  
n e g l ig ib le .
Fo r th e  purposes o f  t h i s  a n a ly s is  o f  e r r o r s ,  i t  i s  th e re fo re  
re a s o n a b le  to  ig n o re  t h i s  te rm , and to  w r i te  e q u a tio n  (8 a ) in  th e  fo l lo w in g  
fo r m :-
■a* / a T
where t _ i. 1 (8b)
Assuming t h a t  th e  e r r o r s  in  Q,, d , ^  and Ap a re  &Q, 6 d ,  &^and
W A p )  r e s p e c t iv e ly ,  these  w i l l  g iv e  r i s e  to  an e r r o r  in  C^, w h ich  i s
g iv e n  b y : -
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O b v io u s ly ,  th e  g re a te s t  v a lu e  o f  £>0^ w i l l  r e s u l t  when a l l  th e  te rm s on the  
r i g h t  hand s id e  o f  t h i s  e q u a tio n  a re  o f  th e  same s ig n ,  and th e  o v e r a l l  
s ta n d a rd  e r r o r  in  C i s  th u s  g iv e n  b y : -
'h£j> 2.-f , SJL 4-  ^Cj Sp
z
4-
""HZ:
o*■
i.
jii L>p JT D[^ V J
The p ro p o r t io n a l e r r o r  i s  th u s : -
= ±  1  
c. c,
= ±
2. r
+
d.
12. r
t- 1£l .£
+ _ akQ /~P~ Set
I C j
+ + _ 21 J Ap
Thus, from  e q u a tio n  ( 8 b ) : -
4%r+_ifMU  £  J ^  L A p  _ (25)
C o n s id e r in g 'th e s e  e r r o r  te rm s in d i v id u a l l y : -
(i)SQ:-
The v o lu m e tr ic  f lo w  r a t e ,  Q, i s  o b ta in e d  fro m  a m easurement o f  
th e  tim e  ta ke n  f o r  a known volume o f  McAfee l i q u id  to  be d is p la c e d  by th e  
f lo w in g  gas. As has been shown in  A ppend ix I ,  th e  c a l ib r a t io n s  o f  th e  two 
McAfee gauges gave s ta n d a rd  d e v ia t io n s  o f  0 .1 7  p e r c e n t and 0 .1 0  p e r c e n t .
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To c a lc u la te  th e  v a lu e  o f  SQ i t  i s  a ls o  re q u ire d  to  know th e  e r r o r  in v o lv e d  
in  th e  measurement o f  th e  t im e  ta k e n . Assuming t h a t  th e  p e rs o n a l e q u a tio n  
o f  th e  e x p e rim e n to r a t  th e  b e g in n in g  and end o f  th e  t im in g  w i l l  be 
a p p ro x im a te ly  e q u iv a le n t ,  i t  sh ou ld  n o t  add a p p re c ia b ly  to  th e  e r r o r  in  th e  
m easurem ent. The e le c t r o n ic  t im e r  c o u ld  be re a d  to  0 .0 1  sec , and th u s  
s h o u ld  n o t  c o n t r ib u te  s ig n i f i c a n t l y  to  th e  e r r o r .  A generous e s tim a te  f o r  
i s  th e re fo re  0.17 pe r c e n t.
(i i )Sd
The d ia m e te r , d , o f  each je w e l was measured u s in g  a m icroscope  
w i th  a m oving s ta g e , d r iv e n  by a v e r n ie r  drum w h ich  c o u ld  be re a d  to  .0001 in c h  
(.0 0 2 5  mm). S ix te e n  measurements o f  d ia m e te r were made w ith  each je w e l,  
th e se  b e in g  ta ke n  in  p a ir s  a c ro ss  e ig h t  d i f f e r e n t  d ia m e te rs ; each p a i r  
c o n s is t in g  o f  re a d in g s  ta ke n  w i th  th e  s tage  m oving in  o p p o s ite  d i r e c t io n s .
T h is  p rocedu re  was re p e a te d  by two e x p e r im e n to rs , g iv in g  a t o t a l  o f  32 
measurements f o r  each je w e l.  As w ith  th e  McAfee c a l ib r a t io n s ,  w h ich  were 
i n i t i a l l y  a ls o  ta ke n  in  two s e ts ,  i t  was f i r s t  n e ce ssa ry  to  d e te rm in e  w h e th e r 
th e re  was a s ig n i f i c a n t  d i f fe r e n c e  between th e  r e s u l t s  o f  each s e t .  Such a 
d i f fe r e n c e  was n o t fo u n d , and so a l l  th e  32 re a d in g s  were a n a lyse d  to g e th e r ,  
y ie ld in g  a s ta n d a rd  d e v ia t io n  o f  0 *32  p e r c e n t.  T h is  s e t  o f  re a d in g s  was 
t y p ic a l  o f  a l l  th e  d measurements ta k e n , and i t  i s  th e re fo re  c o n s id e re d  f a i r  
to  quo te  0.32 p e r c e n t as th e  s ta n d a rd  d e v ia t io n  a r is in g  fro m  d m easurem ents.
( i i i )
The d e n s ity ,  ^  , o f  th e  f lo w in g  gas is  d e te rm in e d  by c o r r e c t in g  
th e  accep ted  v a lu e  quo ted  in  th e  l i t e r a t u r e  f o r  STP c o n d it io n s  to  th e  
te m p e ra tu re  and p re ssu re  o f  th e  m e te r ru n .  ’ W h ite  s p o t ' (h ig h  p u r i t y )  
hyd rogen  and n it r o g e n ,  s u p p lie d  by B r i t i s h  Oxygen L im ite d ,  were used f o r  th e
215.
e x p e r im e n ts . The v e ry  low  c o n c e n tra t io n s  o f  im p u r i t ie s  s ta te d  by th e  
m a n u fa c tu re rs  to  be p re s e n t in  these  gases -would g iv e  r i s e  to  d e n s ity  e r ro r s  
s e v e ra l o rd e rs  o f  m agn itude  s m a lle r  th a n  tho se  due to  e r r o r s  in  p re s s u re  and 
te m p e ra tu re  m easurem ents. E r ro rs  due to  im p u r i t ie s  were th e re fo re  assumed 
n e g l ig ib le ,  and th e  l i t e r a t u r e  d e n s ity  v a lu e s  ta ke n  as c o r r e c t .  In  a d d it io n  
to  th e  te m p e ra tu re  and p re s s u re , a know ledge o f  th e  c o m p r e s s ib i l i t y  f a c t o r ,
K, o f  each gas i s  re q u ir e d .  For th e  purposes o f  th e  p re s e n t in v e s t ig a t io n ,
K values for nitrogen were taken from the work of Sage and Lacey (62) which 
have an estimated accuracy of t o.l per cent. In the case of hydrogen, values 
supplied by the National Bureau of Standards (63) were used, these having 
a stated accuracy of - 0.1 per cent. Both of these sources agree well with 
the survey of gas law deviation coefficients made by Clark and White (64).
The e q u a tio n  used to  c a lc u la te  gas d e n s ity  was as f o l lo w s : -
The subscripts r and f referring to reference and flowing conditions.
The flowing temperature, T£ , was measured with a long thermocouple positioned
axially in the downstream side of the orifice assembly, with its tip some
20 diameters downstream of the orifice. Whilst prior calibration of this
thermocouple against a mercury-in-glass thermometer had shown it capable of 
+ 0indicating to - 0.1 C, it was found that the flowing temperature during any 
particular run varied by up to - 0.5°C (due to ambient temperature fluctuations 
The resultant error in ^ due to this fluctuation is therefore some 0.15 per 
cent.
The pressure was measured using Budenberg 'Green Centre' pressure
gauges of the appropriate ranges. These were recalibrated in situ at 
intervals of> approximately one month, and adjusted when necessary to read
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c o r r e c t ly  a t  th e  t e s t  p re s s u re s  used . E r ro rs  in  the se  were a maximum 
o f  0 .0 7  pe r c e n t.
The o v e r a l l  e r r o r  in  c a lc u la te d  f lo w in g  d e n s ity  may th e re fo re  
be expressed  a s : -
d i f f e r e n t i a l  p re ssu re  deve loped  a c ro ss  th e  o r i f i c e  o r n o z z le  was measured 
u s in g  a h ig h  ( s t a t i c )  p re ssu re  w a te r manom eter. A d i s t i l l e d  w a te r charge 
was used , and was re p la c e d  f r e q u e n t ly .  The d e n s ity  o f  th e  charge  w i l l ' v a r y  
w ith  p re s s u re , how ever, and t h i s  c o r r e c t io n  amounts to  some 0 .4  p e r c e n t o ve r 
th e  p re ssu re  range o f  th e  t e s t s .  D e n s ity  f ig u r e s  were o b ta in e d  fro m  th e  
1964 NEL Steam T a b le s . C o r re c t io n  was a ls o  made f o r  th e  s o l u b i l i t y  o f  th e  
f lo w in g  gas in  th e  w a te r ,  though  t h i s  appeared to  be a second o rd e r e f f e c t .
I t  i s  th o u g h t t h a t  th e  f i n a l  d e n s ity  f ig u r e s  a re  a c c u ra te  to  0 -1  p e r c e n t. 
S ince  th e  g re a t m a jo r i t y  o f  e x p e r im e n ta l ru n s  were p e rfo rm ed  a t  am b ien t 
te m p e ra tu re s  in  th e  range 15-25°C , f ig u r e s  f o r  w a te r d e n s ity  a t  20°C were 
used  th ro u g h o u t.  T y p ic a l ly ,  v a r ia t io n s  in  d e n s ity  due to  te m p e ra tu re  a bo u t 
t h i s  v a lu e  w ou ld  amount to  a f u r t h e r  0 .1  p e r c e n t .
The h e ig h t  o f  th e  w a te r co lum n, h , was a lw ays in  th e  ra n ge
50 £  h .£ 1200 mm. Thi-s h e ig h t  was re a d  from  a m e ta l r u le ,  f i t t e d  w i th  two
a n t i - p a r a l la x  c u rs o rs , from  w h ich  th e  re a d in g  c o u ld  be e s tim a te d  to  -  0 .5  mm.- 
The e r r o r  in  t h i s  re a d in g ,  th e r e fo r e ,  was n e ve r g re a te r  th a n  -  1 .0  p e r c e n t 
and, b e a r in g  in  m ind t h a t  the  v a s t  m a jo r i t y  o f  re a d in g s  were c h a ra c te r is e d  by 
h e ig h ts  o f  g re a te r  th a n  100 mm, a f a i r e r  o v e r a l l  e s tim a te  o f  a c c u ra c y  i s  
p ro b a b ly  ^  0 -5  p e r c e n t.
( i i i )  ( A p )
In  th e  la t e r  in v e s t ig a t io n s  d e s c r ib e d  in  C hapte r 7 , A p ,  th e
The error in differential pressure, £>(Ap) may therefore 
be written:-
- ^O.l2 + O.l2 + 0.52 = 0.52 per cent
Reverting to equation (25)j we see that the total effect of these individual 
errors on is to produce an error
—
D per cent = ± £ (0.17)2 + b (0-32)2 + i (0.19)2 + i (0-52)2 j
CD
= * 0.72 per cent
This figure represents, therefore, the reproducibility standard 
deviation to be expected from the apparatus. If we consider the repeatability 
of determinations made during any single experimental run, we can ignore 
errors in the jewel diameter, d, in gas density, ^ >, and also those in Ap 
attributable to changes in water density. Thus, from equation (25):-
&C7
JL
D per cent = * £ (0.17)2 + i (0.50)^ J
- - 0 •30 per cent
CD
Repeatability checks were carried out with both nitrogen and 
hydrogen flows. Twenty readings were taken with each gas, the flow rate 
being held constant within each set. The results of these runs are given 
in Tables IV 1 and IV 2. The standard deviations were found to be:~
Nitrogen flow: t 0.266 per cent
Hydrogen flow: i 0.2^8 per cent
These results show gratifying agreement with the calculated figure.
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Considering now the agreement between runs with any one
particular plate, performed with different flowing gases, we can ignore
errors associated with the measurement of the orifice or nozzle diameter.
However, since one determination of in the 'overlap' region must of
necessity have been made using a low A p  value, it is fair to increase the
+tolerance on this parameter to - 1.0 per cent. The error in differential 
pressure thus becomes:-
£(A p ) / _2  ^_2 n ^2 n __ .
■ p j + 0 .1 + 1.0 = 1.01 per cent
From equation (25) we may thus write
per cent = - /(0 .17)2 + i  (l.Ol)2 = - 0 .5^ per cent
D V
It may thus be concluded that the 'joining up' of the runs with 
hydrogen and nitrogen flows, being almost always better than 1 per cent is 
satisfactory.
Errors Involved in the Calculation of Reynolds Number
dVn 4© nReynolds number is defined as Re = ^
Thus, using the previous argument,
f (%2 + (^)2 + (Tt)2 + (^)2 j *
With the exception of these terms have already been
evaluated. Figures for gas viscosity were obtained from Kaye and Laby (65) 
and are taken as being accurate to the nearest micropoise. The greater 
proportional error will therefore occur in the measurement of hydrogen
-f
viscosity, and will typically be - 1 .1 per cent.
TASLE IV. 1
REPEATABILITY CHECK WITH NITROGEN PLOW
PLATE S l l  , NITROGEN FLOWC REPEAT ABI L I TY CH ECK )
ORI FI  CE DI AMETER —  • 0 5 1 3  CM •
P I PE  DIAMETER —  • 5 44  CM.
DI AMETER RATIO 09 42
TEMPERATURE 15. 5 C
NOMINAL PRESSURE = 1464 . 7 PSI  A
NOMINAL DEN SI TY —  • 1 18 2 00 G/CC.
VI SCOSI TY 196. 0 MI  CROPOI SE
PC PSI  G) TC SEC) HCMMWG) REC P) RECO) CD
1 4 5 2 . 0 39 .  5 6 5 5 1 . 5 19 78 . 4 2099  6. . 7 5 4 3
1453 .  0 39 . 65 549 . 0 1975*  3 209 62. . 7 5 4 6
1 4 5 3 . 0 3 9 .  48 549 . 0 1 98 3 .  8 2 1 0 5 3 - . 7579
1 4 5 4 . 0 39 . 60 5 47 .  5 1979 .  1 2 1 0 0 3 . . 7569
1 4 5 4 . 0 39 . 57 5 4 7 .  5 1 98 0 .  6 2 1 0 1 9 . . 7 5 7 5
1 4 5 4 . 0 3 9 .  63 5 4 6 * 0 19 77.  6 2 0 9 8  7 . . 7 5 7 4
1 4 5 4 .  0 39 . 72 5 4 6 . 0 1973-  1 2 0 9 4 0 . . 7 5 5 7
1 4 5 4 . 0 3 9 .  7 6 5 4 5 .  5 1971 .  1 209 19 . . 7 5 5 2
1454.  0 39 . 8  4 5 4 5 .  0 1967 .  2 2 0 8 7 7 . . 7541
1 4 5 5 . 0 39 . 70 5 4 5 .  0 1 97 5 .  5 209 65. . 7 5 7 0
1 4 5 5 .  0 39 . 78 5 44 .  0 19 7 1 . 5 209 2 3 . . 7 5 6 2
1 4 5 5 . 0 3 9 . 9  0 5 44 .  0 19 65.  6 208 60 . . 7539
1 4 5 5 . 0 39 . 79 5 4 3 . 0 19 7 1 . 0 2 0 9 1 7 . . 7 5 6 7
1455.  0 39 . 76 5 4 3 .  0 1 97 2 .  5 209 33- . 7 5 7 3
1 4 5 5 . 0 3 9 .  78 5 4 2 .  0 197 1 . 5 2 0 9 2 3 . . 7 5 7 6
1 4 5 5 . 0 39 . 78 5 4 2 .  0 197 1. 5 209 2 3 . . 7 5 7 6
1455 .  0 39 . 69 5 4 2 .  0 1976 .  0 209 7 0 . . 7 5 9 3
145 5* 0 39 . 9  1 5 4 2 .  0 1 96 5 .  1 208 54 . . 7551
1 4 5 5 . 0 3 9 .  63 5 4 1 . 8 19 7 9 .  0 2 1 0 0 2 . . 7 6 0 6
1 4 5 5 . 0 39 . 6 1 541 . 5 1 9 8 0 .  0 2 1 01 2 . . 7 6 1 2
STANDARD DEVIATI ON OF MEAN CD = + OR- 
CD = . 7568 + OR- . 266  PER CENT.
. 0 0 2
TABLE IV. 2
REPEATABILITY CHECK WITH HYDROGEN FLOW
PLATE S l l  , HYDROGEN FLOWC REPEATABI L I TY  CHECK)
O R I F I C E  DIAMETER  
P I PE  DIAMETER  
DIAMETER RATIO  
TEMPERATURE 
NOMINAL PRESSURE 
NOMINAL DENSITY  
VI SCO SI TY
. 0 5 1 3  CM.
. 5 4 4  CM.
. 09 42  
1 5.  0 C 
2 1 4 . 7  PSI  A
. 0 0  1235 G/CC.  
8 7 .  0 MI  CROPOI SE
PC PSI  G) TC SEC) HCMMWG) REC P) RECO) CD
ISO • 0 4 0 .  0 1 14 6 . 0 2 5 5 .  2 2 7.09 . . . 7 7 6 2
198.  5 4 0 .  05 1 4 5 .  3 2 5 4 .  4 2 7 0 0 . . 77 63
198.  0 4 0 .  1 6 1 4 4 .  3 2 5 3 .  1 268  6. . 7 7 6 0
197.  3 4 0 .  25 1 4 3 .  5 2 5 1 . 7 2 6 7  1 . . 7751
2 0 0 .  4 3 9 . 8  4 1 48 . 0 2 5 8 .  0 27 38 . . 77 67
199 . 5 3 9 . 9  4 1 4 6 . 8 2.5 6 . 3 2 7 20. . 7 7 6 3
1 9 8 . 7 40 .  02 1 45.  5 2 5 4 .  8 2 7 0 4 . . 7 767
199.  7 4 0 . 9 4 1 4 0 .  3 2 5 0 .  3 2 6 5 6 . . 7751
2 0 0 .  0 4 0 . 9  7 14 1 . 0 2 5 0 .  4 2 6 58 . . 7731
2 0 0 .  6 4 0 . 8 8 1 4 0 . 8 2 5 1 . 7 2 6 7  1 . . 7 7 6 4
2 0 0 .  0 4 0 . 8  4 1 40 .  0 2 5 1 .  2 2 6 6 6 . . 778 3
199.  3 4 0 . 8  6 1 42.  0 2 5 0 .  3 2 6 5 6 . . 7 7 1 2
1 9 9 . 3 40 • 9 0 1 40 .  7 2 5 0 .  0 2 6 5 4 . . 7 740
2 0 0 .  7 4 0 .  07 1 48 .  7 2 5 6 .  9 2 7 2 6 . . 7 7 1 0
199.  9 39 . 9 3 1 4 7 .  5 2 5 6 . 8 2 7 2 6 . . 7 7 5 4
199.  0 3 9 . 9  7 1 4 5 - 8 2 5 5 .  5 2 7 1 1 . . 7 77 5
198.  2 4 0 .  09 1 44 .  5 .253-  8 2 6 9 3 . . 7 7 7 2
2 00 .  3 4 1 . 0 3 1 4 0 .  0 250 *  4 2 6 5 8 * . 7 7 5 3
198.  8 4 0 .  59 1 4 1 . 8 2 5 1 .  4 2 6 68 • . 7 7 6 0
198.  2 40 .  52 1 4 1 . 5 2 5 1 .  1 2 6 6 5 . . 7 7 7 0
STANDARD DEVIATI ON OF MEAN CD = +OR- . 0 019
CD = . 7 75 5 + OR- . 2 4 9 PER CEN1. •
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APPENDIX.V
COMPUTER PROGRAM FOR CALCULATION 
AND TABULATION OF RESULTS
Shortly after the initial discharge coefficient investigations 
described in Chapter 6 had been performed, a ’remote access’ computer 
terminal was installed at BP Research Centre, Sunbury. This system, 
operated by the de la Rue Bull Company (later GEIS Limited), employs a 
conventional GPO land line to connect a teleprinter, stationed on the 
premises of the user, to the input and output peripherals of a General 
Electric 265 computer in London. Programs and data may be fed into computer 
storage using tape or the teleprinter keyboard, and the system provides for 
a large amount of operator/computer 'interaction' so that, for example, 
program lines or data elements may be inserted or changed without re-entering 
the whole program or block.
In order to save time in the processing of experimental results, 
a program was written in the Fortran IV language. (This included the 
necessary small modifications to standard Fortran needed to run the program 
on the remote access terminal.) The output from the program was arranged 
to be a six-column table, the first three columns being input P, t and A p  
values; the last three being the corresponding calculated Rejy Re^ and C^ 
values. Since the result print-out was intended to be a complete record of 
the particular experimental run; pipe, orifice and flowing fluid parameters 
were also included. In addition a calculation of the mean value and 
standard deviation of the mean was made, and the results were included in 
the output.
A print-out of the program, which was titled 1 vs Re’, is shown 
in Figure VI. In the remote access system, each operation in the program 
is identified by a ’statement number'. These numbers are printed down the
5 REAL T, GAMMA, D, POI SE, D 1, V, PRESSO, DENSO, G, A, R , M , X , Y , Z , H ,
10 + E, C, S, S2,  VAR, CDBAR, REP, REO, DEN S, DEN W, N UM ( 3 , 5 0 )
15 INTEGER I , J , N  
20  S= 0 • 0 
25 S2= 0 * 0
30 READ, N , T ,  GAMMA, D, POI SE, D I ,  V, DENSO, PRESSO 
35 DO 10 J = 1 , N
40 DO 10 1 = 1 , 3
45 10 READ,NUM( I , J )
50 PRI NT,  t 11 t t 11 t r t t t r •• ••
60 PRI NT,  ” O R I F I C E  DIAMETER = ” , D l , ” C M . ”
65 P R I N T , ” P I P E  DIAMETER = ” , D, " C M . ”
70 P R I N T , ” ' D I A M E T E R  RATIO = ” , D 1 / D
75 P R I N T , ” TEMPERATURE
80  PRINT TEMP, T , ” C”
8 5  TEMP: FORMATC F 1 0.  1 )
.90 P R I N T , ” NOMINAL PRESSURE = ” ,
9 5  PRINT PSI  A , P R E S S O , ” P S I A ”
100 PSI  A: FORMATC F10 .  1)
105 P R I N T , ” NOMINAL DENSITY = ” ,
110 PRINT RHO, DENSO, ” G/CC.  ”
1 1 5 RHO: FORMATC F7.  6)
120 P R I N T , ” V I SCOSI TY  ^ ” ,
125 PRINT VI SCVPOI SE* 1E06,  ” MI CROPOI SE”
130 VI SC: FORMATC F I  0.  1)
135 P RI NT ,  t ” PC P SI G) TC SEC) HCMMWG) REC P) RECO)” ,
140 P R I N T , ” CD”
145 DO 20 J = 1 , N
150 DENS=DEN SO*CNUMC 1, J ) +  14.  7 ) /PRESSO
151 D EN W= 0.  9 9 8 9
152 I FC ABSC PRESSO- 21 4.  7 ) - 0 .  00001  ) 40 ,  40 ,  30
153 30 DEN tv= 1 . 0 0 3 4
154 40 H= CNUMC 3, J )  ) *C DENk-  DENS)
155 R= 1 - CH*0 .  00  1 4 2 2 ) /C NUMC 1 , J )  + 1 4.  7)
160 G= C V* R)/NUMC 2,  J )
165 A=(Q/C 1 0 . 9 9 9  2*  D l * D l ) ) * S G R T C  DEN S / H )
170 M=C D 1 / D ) * *  2
175 X=(  GAMMA* R**C 2/GAMMA) ) /C GAMMA- 1)
180 Y=(  1-M + M ) / C  1-M*M*C R**C 2/GAMMA) ) )
18 5 Z=C 1- R* *  C C GAMMA- 1 ) /GAMMA) ) /C 1- R)
190 E= SQRTC X* Y*  Z )
195 C=( A*CC 1 - M * * 2 ) * * 0 .  5 > ) / E  
200 S= S+C 
2 05  S2= S2+ C* C
210  REP=C 4* 0* DENS) /C POI SE* 3 *  141 6*D)
215  REO=REP*CD/D 1)
220  PRINT HEAD,NUMC 1, J )  , NUMC 2,  J )  ,NUMC 3,  J ) , REP, REO, C
225  HEAD: FORMATC 1 3X,  F7.  1, 2 X , F 7 . 2,  2 X , F7.  1, 2X,  F7.  1 , I X ,  F7 .  0 ,  2X,  F6« 4)  '
230  20
2 35  VAR=C S2-C S* S / N )  ) / C N -  1)
240  CDBAR=S/N
245  PRI NT ,  t ” STANDARD DEVIATI ON OF MEAN CD = + O R - ” , SGRTC VAR)
250  P R I N T , ” CD = ” , CDBAR,” + O R - ” ,
255  PRINT ERROR, SORTC VAR)*  1 00/CDfaAR,  ” PER C E N T . ”
260  ERROR: FORMATC F5.  3)
265  PRI NT,  t t t t t t t t 11 t 11 t t 1 1 " •*
270  SDATA 
999 END
[f i g .v u J
2 2 ^ .
left hand side of the program, and determine the order in which the program
steps are executed. These numbers are now used to discuss the operation
of the program. (A second program, H^OFLO, was also written to analyse
the water flow tests. This employs readings of mass flow in its calculation,
but in other respects is identical with 'C^  vs Re1.)
Statements 10, 15 - declare the real quantities, arrays and
integers used in the program.
20 , 25 - set and to zero.
50 to 45 - read in the physical parameters and the
experimental P, t and Ap values.
50 to 150 - output the physical parameters which identify
the particular experimental run (statement 55 
is overwritten in each set of input data).
. 155, l4o - output the headings of the six column result
table.
1^5 - select the first set of P, t and & p values.
150 - correct ’nominal* gas density to flowing
pressure.
151 to- 15^ - correct manometer reading for gas density and
water density influences.
155 calculate r = (l -
l6o - calculate Q, = /t, where V has been corrected
for pressure difference between McAfee and 
upstream tapping.
165 and 195 - - calculation of from equation (8 ) Chapter 5
(including expansibility effects).
170 - 190 - calculation of expansibility factor.
200, 205 - form 2 c ^  and 2 ( cd ) 2 .
210, 215 - calculate Re^ and Re,.D d
220 - 250 - print six column table of data and results,
reading new data after each calculation.
255 - 260 - calculate and print out mean value and
standard deviation.
224.
270 et seq statement numbers corresponding to the 
input data array. The input format is 
as follows
300 Number of rows of data (n), flowing temperature, specific heat
ratio, pipe diameter, gas viscosity, orifice diameter, McAfee 
volume, nominal gas density, nominal gas pressure,
301 l^*
302 P , t ,Ap
J I I I
300+n P , t ,Apn n n
Typically, the program requires about 15 seconds of computer 
central processor time for its execution.
225.
APPENDIX VI
FLOW MEASUREMENT BY MEANS OF CAPILLARY TUBES 
In this method, the flow rate is measured in terms of the pressure 
drop produced across a straight capillary tube of known length and diameter.
The fundamental equation governing such a process is due to Poisseuille, and 
may be written:-
Trap
"  Y
where r and I are the capillary's radius and length respectively. This 
relation holds only for laminar flow (Re «2000) and gives a differential 
pressure directly proportional to volumetric flow rate, as opposed to the 
approximately parabolic relation obtained with an orifice or nozzle.
To the accuracy required for pilot plant flow rate measurements, 
this equation is often sufficiently accurate, though it must be remembered that 
it cannot be used for fluids such as crude and fuel oils at low, and sometimes 
even moderate, temperatures when they exhibit non-Newtonian behaviour.
However, for higher accuracies (better than approximately - 5 per cent) 
it is necessary to make corrections to the basic equation. The first of such 
corrections is due to Brillouin (66) and takes account of the pressure variations 
at each end of the capillary where the flow cross-section increases and hence the 
flow velocity decreases. Brillouin's equation, in terms of mass flow M, is
P1 - P2
2 £ 
i
16 M 2M
■ V  + + ^Tr 1 — t irr
where the subscripts 1 and 2 refer to capillary entrance and exit conditions, 
and ^  is a coefficient of slip. Benton (67) has shown that this equation is
preferable to the original Poisseuille form, but gives results rather higher
than experiment. This author attributes the difference to contraction phenomena
at the (sharp) ends of the capillary, and has introduced a contraction
coefficient, C , defined exactly as for an orifice or nozzle, into the equation, c
Further, Benton has broken the differential pressure into two parts: that due
to the capillary, A p  ; and that due to the ’orifices' at the ends, A p  . Thec o
modified equation is:-
jI .........2
c ' "o 5“ ^ W
K-.b * M K_C M
Ap = Ap + Ap =  r (. 2 c
^r ^r
where and are constants. This author has analysed the experimental 
results of may tests, and has shown that, for low differential pressures, a 
satisfactory equation is:-
A  2.58 „ 1 m  + 0.125 M2 A p  = h i-------2-----
I”
From this equation, one may easily derive a criterion for the 
negligibility of the end correction. For example, if the correction is to 
be < 1 per cent, then
2.58 M must be > 100 x 0.125 M2
le iy\ must be > 4.8^
A
0
It is interesting to note that is dimensionless, and hence 
independent of the system of units used.
Another approach to the problem of end corrections is to increase 
the length-to-radius ratio of the capillary so that A p Q » A pq* However, if
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t h i s  i s  done by re d u c in g  th e  r a d iu s ,  p r o p o r t io n a l ly  g re a te r  e r ro r s  in  e x a c t 
ra d iu s  measurement may r e s u l t .  Because th e  e q u a tio n  f o r  Ap i s  so s e n s i t iv e  
to  ra d iu s  measurement in a c c u ra c ie s ,  i t  i s  u s u a l to  d e te rm in e  t h i s  pa ram ete r from  
a measurement o f  th e  w e ig h t o f  m ercu ry  needed to  f i l l  th e  c a p i l la r y ,  and i t s  
le n g th .
In  th e  case where d e s ig n  c a lc u la t io n s  in d ic a te  t h a t  a lo n g  c a p i l la r y
w ou ld  be needed to  produce a re a so n a b le  d i f f e r e n t i a l  p re s s u re , i t  m ig h t o f te n
be c o n v e n ie n t to  c o i l  th e  c a p i l la r y .  C o i l in g  can a f f e c t  th e  pe rfo rm ance  in  two
v i a y s .  F i r s t l y ,  some d e fo rm a tio n  o f  c ro s s -s e c t io n  may r e s u l t ,  a l t e r in g  th e
e f f e c t iv e  r a d iu s ,  and se co n d ly  th e  a c c e le ra t io n  o f  th e  f lo w  caused by i t s  cu rved
p a th  may change th e  p re s s u re / f lo w  r e la t io n .  The f i r s t  e f f e c t  may be m in im ise d
i f  th e  c a p i l la r y  i s  c a l ib r a te d  a f t e r  c o i l i n g .  The second e f f e c t  depends upon
th e  R eynolds num ber, and a ls o  on th e  r a t i o  o f  c a p i l la r y  to  c o i l  r a d i i .  E m p ir ic a l
r  ^
e q u a tio n s , based on th e  param ete r Re (— ) have been p roduced , and i t  has a ls o
c
been shown t h a t  th e  R eynolds number c o rre s p o n d in g  to  th e  o n se t o f  tu rb u le n c e  is  
in c re a s e d  by c o i l in g  th e  c a p i l la r y .  D e ta i ls  o f  these  e f fe c t s  a re  g iv e n  by 
P o w e ll and Browne (68 ) whose paper p re s e n ts  a good re v ie w  o f  th e  uses o f  c o i le d  
c a p i l la r y  f lo w m e te rs .
N eedless to  say , th e  d i f f e r e n t i a l  p re ssu re  produced a c ro ss  a c a p i l l a r y  
c o u ld  a ls o  be used as th e  c o n t r o l  pa ram ete r in  a f lo w  c o n t r o l  lo o p .
